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Pulverized-fuel (PF) firing is the combustion technique 
used in all of our great power-generating stations based upon 
coal. Until recently, an aura of "inevitability" surrounded 
this technique and tended to protect it from competitive ideas. 
NOW, almost overnight, a sharp increase in concern over 
environmental quality has placed the future of PF firing in 
doubt. A number of groups, some represented at this Symposium, 
are exploring alternative procedures which, first, promise to 
reduce the cost of coal-€ired power, and, second, offer 
opportunities for reduced cost of control of both ash and sulfur 
oxides emissions. 

At least two concrete commercial developments are in the 
offing which should go far to dispel PF combustion's aura of 
inevitability: 

e the installation of an Ignifluid boiler in the 
anthracite district of Northeastern Pennsylvania; 

e Lurgi's installation of a combined gas- and 
steam-turbine power unit incorporating pressure 
gasification of coal. 

Experimental and design studies now in progress also point 
toward new paths for coal development: 

e work on the fluidized-bed boiler; 

e interest shown by firms catering to the power 
industry in studies of combined-cycle arrangements 
generating power from gas produced from coal; 

e continued interest in possibilities for use of 
coal in fuel cells and magnetohydrodynamic (MHD) 
devices ; 

e work directed toward development of a "Coalplex" 
yielding pipeline gas or liquid fuel or chemicals 
and low-sulfur coke for power use. 

Viewed altogether, these commercial and experimental activities 
lead to the inescapable impression that a revolution in coal- 
power practice may be at hand. 

has recognized the opportunity to steer this revolution into 
paths leading to better ways to control ash and sulfur emissions. 

The National Air Pollution Control Administration (NAFJCA) 
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NAPCA h a s  engaged Westinghouse E l e c t r i c  Co. t o  d i r e c t  t he  
development of a non-pol lu t ing  f lu id ized-bed  boiler, and 
United A i r c r a f t  t o  s tudy  schemes f o r  gene ra t ing  power from 
c l e a n  g a s  made from c o a l .  

A technique as mature as PF f i r i n g  i s  hard t o  d i s p l a c e ,  
and i t s  advocates can be expected t o  work hard t o  keep it v i a b l e .  
It  may be use fu l  to  review b r i e f l y  t h e  problems which they w i l l  
f ace  i n  an  h i s t o r i c a l  con tex t .  

The concerns of s tudent ,s  of.combustion may be l i s t e d  
roughly i n  t h e  o r d e r  i n  which they have a r i s e n :  

e t o  burn c o a l  w i t h , a n  acceptab ly  small  l o s s  of 

e t o  provide  c l ean  combustion gases  s u i t a b l e  f o r  

carbon t o  smoke and ashes;  

hea t ing  m a t e r i a l s  l i a b l e  t o  b e ' s p o i l e d  by ashes;  

e t o  provide  combustion gases  f o r  d i scha rge  t o  a 
s t a c k  which were s u f f i c i e n t l y  f r e e  o f  g r i t  as not  
t o  c o n s t i t u t e  a neighborhood nuisance; 

e t o  burn c o a l  a t  t h e  l a r g e  throughputs needed t o  

e t o  provide  s t a c k  gases  t o  meet inc reas ing ly  h ighe r  

gene ra t e  e l e c t r i c i t y  a f t e r  about 1925; 

s t anda rds  f o r  con ten t  of f l y  ash;  

0 t o  provide  s t a c k  gases  low i n  s u l f u r  oxides.  

Un t i l  about 1895, a l l  devices  f o r  burning s o l i d  f u e l  
handled t h e  f u e l  i n  a bed a t  rest. I n  some, t h e  bed g r a v i t a t e s  
downward i n  a s h a f t .  I n  o t h e r s ,  t h e  bed r e s t e d  o r  moved 
h o r i z o n t a l l y  on a g r a t e .  
ingenious devices ,  t h e  f i r s t  pa t en ted  by W a t t  himself i n  1785, 
t o  feed c o a l  cont inuous ly  t o  a bed on a g r a t e  and t o  d i scha rge  
ashes.  G r i t  emissions from some of t h e  g r a t e  devices were s m a l l ,  
a l though t h e i r  d e s i g n e r s  were a t  f i r s t  more concerned with l i m i t i n g  
l o s s e s  o f  carbon. 

The advantages of d e a l i n g  wi th  t h e  coa l  i n  s e v e r a l  s t e p s  

S team power engineers  developed 

were apprec ia ted  e a r l y .  From 1135 onward, ironmakers i n  England 
used coke from beehive coke ovens. A f t e r  1800  an indus t ry  a rose  
t o  supply i l l u m i n a t i n g  gas ,  marketing coke as a byproduct. 
I n  1836 gas producers w e r e  in t roduced  to  d e r i v e  from coke a 
d u s t - f r e e  f u e l  gas s u i t a b l e  f o r  burning where c l e a n l i n e s s  was 
d e s i r e d .  

Often,  a major i n c e n t i v e  t o  t e c h n i c a l  change has been 
growth of demand f o r  a commodity, making o b s o l e t e  a technique 
whose scale-up to l a r g e  s i z e  i s  d i f f i c u l t  o r  unce r t a in .  By t h e  
1 8 9 0 ' ~ ~  cement manufacturers f e l t  need f o r  equipment of l a r g e r  
c a p a c i t y  than t h e  s h a f t  k i l n s  used h i t h e r t o .  
ope ra t e  a ro t a ry  k i l n  f o r  cement-making wi th  producer gas w a s  

An at tempt  t o  . .  
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a f a i l u r e .  
bu t  t h i s  f u e l  w a s  then too  expensive. The exper ience  suggested 
t h a t  a s u i t a b l e  flame might be s u s t a i n e d  by i n j e c t i n g  pu lve r i zed  
coal  i n t o  a r o t a r y  k i l n  v i a  an a i r  b l a s t  from a nozzle .  S h o r t l y ,  
t h e  cement indus t ry  developed techniques  f o r  p u l v e r i z i n g  c o a l  and 
burning t h e  c o a l  powder. 
a t t e s t i n g  i t s  importance t o  la te  19th-century technology. 

By about 1915, s t e a m  power engineers  r e a l i z e d  t h a t  
e l e c t r i c i t y  demands would soon r e q u i r e  steam flows l a r g e r  than 
could be conveniently provided by a g r a t e - f i r i n g  technique.  They 
f e l t  an acu te  need f o r  a new combustion procedure easier t o  s c a l e  
upward i n  s i z e  than t h e  e x i s t i n g  grate-combustion dev ices .  The 
exper ience  of t h e  cement i n d u s t r y  w a s  a t  hand: coal p u l v e r i z e r s ,  
coal-conveying systems, and PF f i r i n g  nozz les  w e r e  a v a i l a b l e  on 
t h e  market. Engineers found it r e l a t i v e l y  inexpens ive  t o  under- 
take experiments on PF f i r i n g  f o r  r a i s i n g  steam. The work l e d  t o  
t h e  Lakeside S t a t i o n  i n  Milwaukee. A f t e r  t h e  commissioning of 
two 20,000-Kw t u r b i n e s  i n  t h i s  s t a t i o n  i n  1922, PF f i r i n g  soon 
became t h e  choice f o r  nea r ly  a l l  new power-station cons t ruc t ion .  

Engineers of t h e  day regarded the PF b o i l e r  t o  be an 

A k i l n  w a s  opera ted  s a t i s f a , c t o r i l y  wi th  petroleum, 

Edison p a r t i c i p a t e d  i n  t h i s  work, 

advance from s t andpo in t  of d u s t  emission. Herington (1) wrote 
i n  1920: 

"It i s  q u i t e  t r u e  t h a t  perhaps 6 0  per  c e n t  of the ash  goes 
up through t h e  stack. This ash is of such l i g h t  f l o c c u l e n t  
na tu re  t h a t  it i s  d i s s i p a t e d  ove r  a.wide area be fo re  
p r e c i p i t a t i o n  occurs  and no t r o u b l e  can be expected from 
t h i s  source,  although t h e  amount of tonnage p u t  o u t  through 
t h e  s t ack  p e r  day seems g r e a t .  This  i s  proved by t h e  
'Lopulco' i n s t a l l a t i o n  [ a t  Oneida Street P l a n t  of Milwaukee 
Electric Railway & Light  Co.] where, a f t e r  a pe r iod  of two 
y e a r s '  ope ra t ion ,  although t h e  p l a n t  i s  l o c a t e d  i n  t h e  
h e a r t  o f  t h e  bus iness  d i s t r i c t  o f  Milwaukee, no complaint 
has been heard from t h i s  sou rce  and no evidence of any ash 
o r  d u s t  can be found on t h e  r o o f s  of any o f  t h e  bu i ld ings  
i n  t h e  v i c i n i t y .  It is q u i t e  p o s s i b l e  t h a t  t h i s  d u s t  is  
of such f i n e n e s s  and such a n a t u r e  t h a t  it is n o t  
p r e c i p i t a t e d  u n t i l  it encounters  moisture." 

I t  would appear t h a t  t h e  engineer  of 1920 w a s  more concerned f o r  
h i s  immediate neighbors than f o r  a c i t y  o r  a region.  H e  soon 
heard about it i f  a nearby housewife found "soot" on he r  wash, 
b u t . v o i c e s  w e r e  n o t  y e t  r a i s e d  concerning i n s u l t s  to lung t i s s u e  
by f i n e  matter. Would PF f i r i n g  have seemed a t t r a c t i v e  f o r  
development i f  engineers  had f e l t  something l i k e  t o d a y ' s  concern 
about f l y  ash? 

A dry-bottom furnace,  having s t e e p l y  s lop ing  w a l l s ,  allows 
about 80% of t h e  ash t o  l e a v e  wi th  t h e  g a s e s ,  wh i l e  t h e  remainder 
drops o u t  of t h e  bottom i n  s o l i d  form. A wet-bottom furnace  has 
a r e l a t i v e l y  f l a t t e r  bottom and r e t a i n s  ash f o r  a much longer  
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t i m e ,  so t h a t  about one-half l eaves  a s  molten s l a g .  A cyclone 
furnace  uses  a coa r se r  g r ind  of  c o a l  and burns t h e  c o a l  i n  an 
i n t e n s e  combustion z o n e  i n  which c o a l  and gases  wh i r l  i n  cyc lon ic  
fash ion .  The e f f e c t  is t o  sepa ra t e  about 70 t o  9 0 %  of  t h e  c o a l ' s  
ash  a s  a s l a g  which can be tapped from t h e  bottom. The changing 
a t t i t u d e  toward d u s t  emissions is  i l l u s t r a t e d  by t h e  claim 
advanced i n  t h e  1 9 3 0 ' ~ ~  when t h e  cyclone furnace  was in t roduced ,  
t h a t  i t  s u b s t a n t i a l l y  so lved  the emission problem. 

F igure  1, a f t e r  Ramsdell and Soutar  (z), i l l u s t r a t e s  t h e  
growth i n  concern over  d u s t  emissions.  For  more than  1 0  y e a r s ,  
Consol idated Edison Co. o f  N e w  York has  recognized t h a t  t h e  
met ropol i tan  s e t t i n g s  of  i t s  s t a t i o n s  imposes t h e  n e c e s s i t y  t o  
provide  equipment c o l l e c t i n g  f l y  ash a t  an e f f i c i e n c y  g r e a t e r  than 
9 9 % .  This  n e c e s s i t y  has  l e d  t o  e l e c t r o s t a t i c  p r e c i p i t a t o r s  of 
g r e a t  s i z e ,  such a s  t h e  one a t  t h e  1000-Mw u n i t  of  Con Edison ' s  
Ravenswood S t a t i o n .  This  i s  shown schemat ica l ly  toge the r  wi th  
t h e  b o i l e r  i n  F igure  2 .  There a r e  two banks of p r e c i p i t a t o r s ,  
each 58 x 2 3 0  fee t  i n  p l a n  and 75 f e e t  i n  he igh t .  The enclosed 
volume i s  more than  t h r e e  t i m e s  g r e a t e r  than  t h e  two combustion 
chambers of t h e  Ravenswood u n i t ,  each 34 x 6 4  f e e t  i n  p l an  and 
1 3 8  f e e t  i n  he ight .  The Ravenswood p r e c i p i t a t o r  c o s t  $ 1 0 , 0 0 0 , 0 0 0  
-- i . e . ,  $10 p e r  k i l o w a t t .  It has provided a c o l l e c t i o n  eff i -c iency 
of 9 9 . 5 %  i n  tests. 

The Ravenswood p r e c i p i t a t o r  ope ra t e s  a t  700°F, while  ear l ier  
p r e c i p i t a t o r s  i n  Con Edison ' s  system gene ra l ly  opera ted  a t  around 
300OF. A reason f o r  t h e  h ighe r  temperature ,  which needs a l a r g e r  
p r e c i p i t a t o r  t o  achieve  comparable performance, w a s  t h e  in t roduc t ion  
of  c o a l s  of below 1 . 0 %  s u l f u r  i n t o  Con Edison 's  system. Because 
ash from low-sulfur  c o a l  d i s p l a y s  a high e l e c t r i c a l  r e s i s t i v i t y  
a t  300°F, a p r e c i p i t a t o r  f o r  t h i s  c o a l  and t h i s  temperature  would 
have t o  be much l a r g e r  t han  a p r e c i p i t a t o r  f o r  a h igh-su l fur  coa l  
in any case ,  as Figure  3 shows ( 2 ) .  Figure  4 i l l u s t r a t e s  t h e  
r i s i n g  c o s t  of d u s t  c o l l e c t i o n  over t h e  y e a r s ,  p a r a l l e l i n g  t h e  
i n c r e a s e  i n  d u s t - c o l l e c t i o n  e f f i c i e n c y  (2) . 

F e w  e x i s t i n g  c o a l - f i r e d  s t a t i o n s  a r e  equipped wi th  
p r e c i p i t a t o r s  of  such  h igh  e f f i c i e n c y  a s  t h o s e  i n  Con Edison 's  
system. In f u t u r e  PF s t a t i o n s ,  t h e  power i n d u s t r y  may f i n d  it hard 
t o  escape a c o s t  on t h e  o rde r  of t h a t  i ncu r red  a t  Ravenswood f o r  
f l y  ash con t ro l .  A t r e n d  may be i n  t h e  making, exemplif ied by 
t h e  pro jec ted  Four Corners  S t a t i o n  i n  Arizona, toward scrubbing 
f o r  f l y  ash recovery ,  i n  t h e  hope t h a t  t h e  c o s t s  o f  f l y  a s h  and 
s u l f u r  oxides  c o n t r o l  may be shared .  

f a c t  t h a t  a s imple,  one-step combustion p l a c e s  t h e  c o a l ' s  s u l f u r  
Promptly i n t o  a form d i f f i c u l t  t o  collect  and recover .  For  
t y p i c a l  coa l s ,  t h e  combustion gases  con ta in  about  0 . 2  t o  0 . 3 %  SO2 
by volume. 
f ee t  of gas per  minute. The chemical t rea tment  of such a v a s t  
throughput  f o r  removal of  a c o n s t i t u e n t  p r e s e n t  i n  such s m a l l  
amount i s  almost c e r t a i n  t o  be c o s t l y .  

A major drawback of PF f i r i n g  f o r  t h e  f u t u r e  l i e s  i n  t h e  

The Ravenswood p r e c i p i t a t o r  handles  4 . 3  x l o 6  cubic  
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Since the 1930's, research and development teams have 
worked upon many ingenious ideas for capturing SO2 in stack gases 
from PF boilers. The history of many of these efforts is 
depressing: initial enthusiasm followed by abandonment when the 
economic facts became clear. At the moment, some half-dozen or 
SO schemes are "alive", but none has passed the hurdle of 
commercial operation at the several-hundred-Mw scale of power 
generation common in the United States. 

Recently, some argument, primarily semantic, has arisen 
concerning the "commercial availability" of systems for SO2 control. 
Normal business prudence would argue against putting in a large 
number of several-hundred-Mw installations, simultaneously, for 
any of the now-available systems. An over-enthusiastic heralding 
of these systems could lead to pressure for such installations 
from environmentalists not overly concerned with either business 
or technological considerations. If the pressure succeeds, SO 
much money and hope would be committed to the installations that 
funding for development work on more advanced schemes for sulfur 
oxides control would be difficult to obtain. 

The history of classic disasters of engineering -- 
post-War Fischer-Tropsch synthesis, fluid hydroforming, nuclear- 
powered flight, numerous advanced-design aircraft, and more ~ 

recently, Oyster Creek and high-speed rail equipment -- should 
teach prudence in the application of new processes on a giant 
scale. Many such disasters are a result of too-rapid application 
to meet an urgently felt need. 

If trouble should develop almost simultaneously in a number 
of stack-gas cleaning installations, the news would reinforce the 
already genera1,belief that pollutants from coal combustion are 
"impossible" to 'montrol , and might contribute toward another 
round of nuclear plant construction. The danger would be especially 
great if development of alternatives were not already well advanced. 

tacked-on aspect. The time is at hand to rethink the problem of 
burning coal with air pollution as an early consideration. 

seemed so attractive to the engineer of 1920 if he had been as 
much concerned with fly ash as with grit. Instead, he might well 
have concentrated upon ways to increase the burning capacity of 
his familiar grate devices. 

Schemes to control sulfur from PF combustion have a make-shift, 

We have already remarked that PF combustion might not have 

An idea was at hand. Winkler filed his historic patent for 
a fluidized-bed coal gasification apparatus in 1922, and its 
commercial use began in 1926. It does not detract from the simple 
beauty of the idea to fluidize a bed of coal on a travelling grate 
to wonder why no one came forward with this idea before Albert 
Godel thought of it in the late 1940's. The '"inevitability" of 
the PF technique was too inhibiting. Godel has stated that he 
himself did not at first conceive that his Ignifluid system might 
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go i n t o  l a r g e  u t i l i t y  b o i l e r s ,  and he b e l i e v e s  he l o s t  many years  
f o r  lack of t h i s  concept .  

Figures  5 and 6 g ive  c ros s - sec t iona l  views through t h e  lower 
po r t ion  o f  Godel 's  I g n i f l u i d  b o i l e r  ( A ) .  Godel has found t h a t  t h e  
ash of s u b s t a n t i a l l y  a l l  c o a l s  i s  se l f -adher ing  a t  a temperature  
i n  t h e  v i c i n i t y  of 2,000°F, no matter  how much h igher  t h e  ASTM 
ash-softening temperature  may be. Coal i s  suppl ied  i n  s i z e s  up to  
3/4  inch.  As a c o a l  p a r t i c l e  burns,  ash i s  r e l eased .  Ash s t i c k s  
t o  ash and not t o  c o a l ,  and ash agglomerates form. They s ink  t o  
t h e  g r a t e ,  w h i c h  c a r r i e s  them t o  t h e  ash  p i t .  Godel ' s  bed ope ra t e s  
a d i a b a t i c a l l y ,  except  f o r  r a d i a t i o n  from t h e  upper su r face .  The 
bed i s  r i c h  i n  carbon,  and combustion is  incomplete wi th in  t h e  bed. 
Secondary a i r ,  admi t ted  over t h e  bed, completes t h e  combustion. 

A s  a r e s u l t  o f  t h e  h igh  f lu id i z ing -gas  v e l o c i t y  (about 1 0  
f e e t  per  second) and l o w  a i r - to - fue l  r a t i o ,  t h e  c o a l - t r e a t i n g  
capac i ty  of Godel 's  t r a v e l l i n g  g r a t e  i s  roughly 1 0  t i m e s  g r e a t e r  
t han  t h a t  of prev ious  grate-combustion devices .  

Recently,  Babcock-Atlantique has promoted use of  t h e  
I g n i f l u i d  b o i l e r  i n  l a r g e  s t a t i o n s  (4). 
a t  Casablanca,  and n e g o t i a t i o n s  a r e  w e l l  advanced f o r  a 275-Mw u n i t  
t o  burn and remove accumulat ions of a n t h r a c i t e  waste  i n  Northeastern 
Pennsylvania.  The was te  has  a high ash con ten t ,  and Godel 's  system 
i s  uniquely capable  of  d e a l i n g  w i t h  it. 

A 60-Mw u n i t  i s  i n  opera t ion  

For near ly  3 0  y e a r s ,  var ious  groups have at tempted,  without  
,,much success ,  t o  burn pu lve r i zed  f u e l  a t  high p res su re  t o  fu rn i sh  
h o t  gases  t o  d r i v e  a gas  t u r b i n e .  The work t o  be repor ted  he re  by 
BCURA and Lurgi p o i n t  t o  pa ths  of development whereby coa l  may 
t a k e  advantage of  t h e  s u b s t a n t i a l  cost reduct ions  which combined- 
cyc le  ope ra t ion  can a f f o r d .  

A s  United A i r c r a f t  w i l l  r e p o r t ,  t h e  i n e v i t a b l e  advance i n  
gas  temperatures  f o r  gas - tu rb ine  opera t ion  w i l l  b r ing  an incen t ive  
t o  i n c r e a s e  the  power ou tpu t  from t h e  gas  t u r b i n e  of a combined-cycle 
ope ra t ion  t o  l e v e l s  of  5 0 %  and beyond ( 5 ) .  These developments w i l l  
create an incen t ive  t o  f i n d  techniques f o r  gas i fy ing  c o a l  i n  systems 
of h igh  capac i ty  and e f f i c i e n c y .  For t h e  American power indus t ry ,  
a g a s i f i e r  handl ing t h e  c o a l  f o r  1,000-Mw i n  a s i n g l e  u n i t ,  or 
a t  most a f e w  u n i t s ,  r e p r e s e n t s  a reasonable  t a r g e t  of development. 

" c i r c u l a t i n g  f l u i d  bed" technique (6)  , comes immediately i n t o  mind. 

agglomeration, f o r  example, as p rac t i ced  by Jgqu ie r  and co l l abora to r s  
a t  CERCHAR ( 7 ,  8 ) .  

Suppression of  s u l f u r  ox ides  from a two-step combustion of 

F l u i d i z a t i o n  a t  h igh  v e l o c i t y ,  perhaps wi th  use of Lurg i ' s  

There may be a way t o  combine t h i s  technique wi th  ash 

- -  

c o a l  a t  h igh  p r e s s u r e  should be f a r  easier than  from PF combustion. 
Su l fu r  would be a v a i l a b l e  as H2S, p r e s e n t  i n  a f a r  smaller volume 
f l o w  of  gas .  



Finally, I call attention to the arrangements which have 
been made to bring liquefied natural gas from abroad, at prices 
which bring sharply into view the alternative of converting 
volatile matter in coal into synthetic gas. 
lends urgency to studies of schemes like the "Coalplex" depicted 
broadly in Figure 7. Much work sponsored in recent years by the 
U.S. Office of Coal Research has been directed toward development 
of such a Coalplex, especially work by Consolidation Coal Co. and 
FMC Corp. 

This development 

The appearance of Coalplexes will result in availability of 
large supplies of low-sulfur coke, for which PF combustion is 
poorly suited. This fact is a powerful incentive to ready a 
better technique for combustion of carbon. 

Figure 8 depicts broadly a logical precursor to the Coalplex 
of Figure 7 (9). This scheme would generate baseload power from 
the combustion of volatile matter, and would ship low-sulfur coke 
to power stations at a distance. 

We see a natural evolution: 

The first Coalplex would be justified simply for 
its economy in dealing with sulfur. 

amounts of pipeline gas or liquid from volatile 
matter. Simplicities in the processing of volatile 
matter to products of higher value would result 
from opportunity to throw off high-level waste 
heat to steam for power. 

Later, modifications would "cream off" limited 

0 As time passed, further modifications would 
expand production of gas or liquid. 

Ultimately, the recovery of sulfur from coal would be viewed 
as a mere incidental. 
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BASED ON LURGI PRESSURE GASIFICATION OF COAL 
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Lurgi Gesellschaft fur Warme- und Chemotechnik mbH. 

I. NEW GAS TURBINE POWER PLANT USING LURGI PRESSURE GASIFICATION 
O F  COAL 

A new type power plant has  been developed by the combination of Lurgi pressure  

gasification with a gas turbine process, which is capable of solving major prob- 

lems in power plant technology. 

The use  of Lurgi pressure  gasification of coal ahead of thermal  power plants was 

proposed already many years  ago, but the necessary process  scheme could be 

realized only now after industrial gas turbines had been sufficiently developed 

and proved successful on a large scale. 

Steinkohlen-Elektrizitat AG (STEAG) undertook to  work out a combined scheme of 

coal p re s su re  gasification, gas turbine and steam power plant and to  further im- 

prove this scheme in cooperation with their partners. The resul ts  were so pro- 

mising that STEAG decided to  realize this scheme and to place the order  for the 

construction of a power plant integrated with coal pressure  gasification for an 

output of 170 megawatts. The plant will be installed in the Kellermann power 

station a t  Liinen (West Germany) and is scheduled to go on s t ream by mid-1971. 

It shall se rve  chiefly for covering peak load requirements. 

The present  paper deals with this new process  scheme. 

11. REQUIREMENTS FOR COAL GASIFICATION WHEN USED IN GAS 
TURBINE PROCESSES 

The commercial  application of a gasification process  in conjunction with power 

plants is new. The paper therefore descr ibes  first the relationship between the 

technology of gasification and the special features  of the gas turbine process.  

In the open cycle gas turbine process  with internal combustion, which i s  used in 

the present case,  fuel gas i s  burnt under pressure  with a surplus of a i r ,  and the 
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combustion gas is utilized a s  driving energy in a gas  turbine. The fuel gas is 

generated by the gaeification of coal. This means that  the combustion reaction 

underlying all thermal power plants, namely 

C t O2 = C 0 2  t 173,000 BTU/lb.mol 

is split up a s  follows: 

a )  Gasification of solid fuel, for instance, according to the simplest gasification 

reaction 

1 
C t z  0 = CO t 51,000 BTU/lb.mol 

2 

b) Combustion of the product g a s  in  the combustion chamber of the gas turbine 

under pressure 

1 
2 

CO t - O2 = C 0 2  t 122,000 BTU/lb.mol 

The total of these reactions is again the combustion formula. As the gas must be 

supplied under p re s su re ,  the f i r s t  requirement demanded from the gasification 

process is. 

1 st Condition: Gasification under pressure.  

In the gas turbine process ,  the same a s  in any other thermal power process, the 

difference between inlet temperature and outlet temperature of the gas during its 

depressurization i s  the measure  for the heat rate. The higher the inlet temperature 

of the gas the higher the process efficiency. The maximum inlet temperature i s  

limited by the service life of the blade material. It i s  therefore a requirement 

that the fuel g a s  burns without leaving any residue. The gas must  obviously be 

f r e e  of solids, but gas f r o m  coal gasification contains, apar t  from solids, such 

a s  coal dust and f l y  ash ,  also many other impurities, such a s  vaporized ash, 

alkali and chlorine which a r e  detrimental to the operation of gas turbines, and it 

fur ther  contains gaseous sulfur compounds which a r e  not harmful to gas turbines. 

All these character is t ics  a r e  well-known f rom coal combustion, and this is the 

reason why very high s tacks a r e  a typical feature of coal-fired power plants. 

It is therefore necessary  to arrange a g a s  purification s tep between gasification 

and gas turbine. 

2nd Condtion: Gas purification ahead of gas turbine cornbustor. 
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TO demonstrate the special features of the combined gasification and gas turbine 

process, very simple schemes based on elemental carbon as fuel have been p re -  

pared ( see  Fig.  1). Figure l a  shows the simplest possible gasification process. In 

fact, attempts have been made in the past to realize this process which consists of 

G a s  i f  i e  r 

in which the coal is gasified with a i r  under pressure.  

(The product gas contains 34 % Vol CO. The gas outlet 

temperature is 1450 C). 

G a s  p u r i f i c a t i o n  

In view of the prevailing temperature range, gas puri-  

fication can merely effect pr imary removal of dust while 

it cannot clean the gas sufficiently to reach the purity 

level required for  the gas turbine. This step is therefore 

only shown in dashed lines on the diagram. 

0 

Gasification is followed by the gas turbine process which is shown a s  an open- 

cycle g a s  turbine process without heat recovery, and which shall  mere ly  serve 

for comparison. It consists of 

C o m b u s t o r  

in which the gas is burnt and the maximum gas turbine 

inlet temperature .is adjusted by the addition of a i r .  

(An inlet temperature of 820 C can already be realized 

nowadays). 

0 

G a s  t u r b i n e  

with a i r  compressor  and generator. 

W a s t e  h e a t  r e c o v e r y  

which is necessary  for economic operation of the gas 

turbine process. 

The example shows that the exhaust gas quantity is 

6 times greater  compared with the combustion in con- 

ventional s team boilers. Besides, the exhaust gas 
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0 

temperature a t  the gas turbine outlet of 394 C is  st i l l  

ra ther  high. The resulting heat loss  in the exhaust gas 

represents basically the same problem a s  the heat loss  

by condensation of the steam in steam power plants. , 

The simplest coal-based gas turbine process presented in the above example 

already demonstrates the problems which require solution for the application 

and improvement of the scheme. 

F i r s t  of all, the g a s  must be available under conditions which allow proper 

purification. The gas has to be cooled down and subjected to intensive washing 

whereby the solids a r e  reduced to less  than 1.5 ppm and the alkali originating 

from the ash  i s  removed. This satisfies the requirements demanded by the gas 

turbines. Hence, the second condition has to be supplemented: 

2nd Condition - Supplemental requirements: 

Purification of gas by water wash 

ahead of gas turbine. 

This water wash is a combination of a quencher and a washer. The gas is cooled 

by water evaporation whereby par t  of the sensible heat is  lost. There a r e  several  

possibilities for keeping this loss  a t  a minimum. 

The most obvious possibility is to provide a waste heat boiler ahead of the washer, 

as  it is done, for instance, in oil gasification (partial  oxydation), or to t ransfer  

the sensible heat of the g a s  to the compressed a i r  for  the gas turbine process in a 

heat exchanger. However, experience with coal-fired steam boilers shows that 

the heat transfer surfaces  tend to foul up rapidly. In conjunction with p re s su re  

gasification, the conditions a r e  even more  difficult so that this possibility can 

hardly be realized technically. 

Another way would be to utilize the high proportion of sensible heat of the gas for  

endothermic gasification reactions according to the following equation: 

C t H20 = CO t H2 - 52,800 BTU/lb. mol 

This alternative is shown in Fig. lb. Methane formation which is involved also in 
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pressure  gasification has  been neglected for reasons of simplification. 

In the example of carbon gasification, the gas outlet temperature i s  reduced to 

790 C by the addition of steam to the gasification agent, and the loss of sensible 

heat on gas cooling i s  decreased accordingly. 

0 

Consequently, the next requirement for the gasification process  i s :  

3rd Condition: Addition of steam to gasification agent. 

TO achieve the theoretical equilibrium temperature during practical operation and 

to ensure smooth progress of gasification at  this relatively low temperature, coun- 

tercurrent flow of coal and gasification agent i s  a necessity which can best be 

performed in a fixed bed. Fixed-bed gasification moreover meets the requirements 

regarding reaction kinetics. Another prerequisite for the gasification process 

therefore i s :  

4th Condition: Countercurrent gasification. 

This requirement i s  even sti l l  more  important when considering the gasification 

of coal instead of elemental carbon gasification, for  the following two reasons: 

Firstly,  complete incineration i s  achieved only during countercurrent operation. 

Secondly, high volatile coal, fo r  example, contains only about 65 % fixed carbon 

related to the d. a. f .  coal, the balance being volatile mat te r  which can be recovered 

by degasification during countercurrent operation and which constitutes 30 % of 

the heat content of the product gas. 

, 

In Fig. l b  the gas washing step is arranged downstream of carbon gasification with 

a i r  and steam. Cooling down of the gas by quenching causes a l o s s  of 15 % of the 

heat brought in with the fuel. This loss  is only 8 - 10 % during the gasification of 

coal. This heat loss i s  not higher than in a coal-fired steam boiler, but i t  is still 

consider ab1 e. 

It shall now be demonstrated that the energy loss  in this gas production scheme i s  

in reality much lower when considering the overall energy balance. To prove this, 

each of the two gasification processes i s  followed by the same simple gas turbine 

process. 
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Saturation of the gas with steam in the qu;encher causes an increase in the gas 

volume. Corresponding to  this additional gas volume, the consumption of secon- 

dary a i r  to the combustor decreases,  which means that less  energy i s  needed for 

a i r  compression and that the net output of the gas turbine increases, accordingly. 

In this connection it i s  further of advantage that the enthalpies and the enthalpy 

difference of the s team at a given temperature respectively temperature difference 

a r e  greater than those of the air ,  s o  that the heat duty of the steam for a given 

pressure  drop is higher compared with air. 

A comparison between the two schemes proves this. The net output of the gas 

turbine is about the same in both cases. Merely the amount of sensible heat in the 

waste heat is less  in the scheme "Gasification with steam t Gas Wash". This dis- 

advantage can be tolerated because the exergetic value of the waste heat is r e -  

latively low, and because the complete purification of the gas effected by the wash 

process permits adjustment of the high gas temperature necessary  for a good 

thermal efficiency. 

Finally, the question of gas desulphurization should be considered which has been 

neglected so far a s i t  i s  not of primary importance for  the operation of the gas 

turbine process proper. When all other impurities have been removed from the 

gas, the presence of gaseous sulfur has, according to the gas turbine manufac- 

turers ,  no adverse effect on the operation of the gas turbines. But the higher dew 

point of the fuel gas due to  the presence of SO 

recovery more difficult; this is known from conventional steam power plants. 

and SOg renders waste heat 
2 

However, the chief problem is that of a i r  pollution. If it is possible to  find tech- 

nically and economically feasible solutions, this would be a r e a l  step forward. 

The combination of p r e s s u r e  gasification with thermal power processes  i s  a 

suitable way for gas desulfurization because the sulfur compounds, chiefly H2S 

with a little bit of organic sulfur but no SO a r e  present in a pressurised fuel 

gas having an effective volume of only 1.5 % of the volume of the gas f r o m  an 

atmospheric combustion process. This H S under pressure  can easily be 

2 

2 
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removed by absorption in conventional wash processes  and converted to  marke-  

table products, namely elemental sulfur o r  su1furi.c acid. 

The condition of the gas must of course meet  the requirements for  the application 

of the wash process  for sulfur removal. These a r e  pressures  above 140 psi, 

temperatures  of 20 - 180°C and a sufficient concentration of the component t o  

be removed. Consequently, there  i s  another requirement for the gasification 

process:  

5th Condition: The condition of the gas must  allow the use 

of a wash process.  

The process  scheme described meets  these requirements. F o r  fur ther  particulars 

reference is made to Chapter 3.6. This concludes the general considerations 

which have demonstrated that coal gasification can be efficiently combined with 

a gas turbine process  and that conventional methods can be used for fuel gas 

desulfurization. The various requirements demanded f rom the gas  production 

process  a r e  summarized below: 

1 st Condition: 

2nd Condition: 

Gasification under pressure  

Gas purification ahead of gas turbine 
by water wash 

Addition of s team t o  gasification agent 3rd Condition: 

4th Condition: Countercurrent gasification 

5th Condition: The condition of the gas must  allow the 
use of a wash process .  

111. DESCRIPTION O F  GASIFICATION PROCESS 

3. 1 Choice of Gasification Process  

Apart f rom the five process  requirements for coal gasification in conjunction with 

gas  turbine power plants, which were  examined in Chapter 2 . ,  there  a r e  three 

further requirements which concern the economics and which have to be considered 

when selecting the gasification process .  
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The investment cost  for the gasification plant mus t  not be higher than that for  

conventional processes  which are based on the direct ,  burning of coal. 

6th Condition: The investment cost  must be competitive 

with other processes .  

Another obvious requirement is :  

7th Condition: The plant must  yield a profit. 

Final requirement for  the realization of the scheme: 

8th Condition: The process  must  have proved i t s  
mer i t s  in practice.  

A study of the available gasification processes  has  shown that LURGI pressure  

gasification meets the above requirements. A brief survey is given f i rs t  on the 

application a n d  technical r elialility of LURGI p res su re  gasification, followed by 

a detailed description of the process.  

3.2 Previous Application of LURGI pressure  gasification Process  

LURGI pressure  gasification is a coal gasification process  which has so f a r  been 

applied on a commercial sca le  for the manufacture-of town gas and synthesis' gas. 

The process  was f i r s t  developed in 1933. The initial pilot plant was  build in 1936 

a t  Hirschfelde (Central  Germany). This plant is still in operation for town gas 

production today after 33 years .  

In 1938 the construction of commercial  plants began. Since then, a total of 58 gasifier 

units for 1 2  plants have been built by LURGI in all par t s  of the world. These plants 

produce the following gas ra tes :  

265 million scf/d of town gas, and 

230 million scf/d of synthesis gas. 

As will be seen f rom Fig. 2 these plants handled 40 million tons of coal up to 1969. 

the output of ash being 8 million tons. 

The commercial plants process  lignite, sub-bituminous coal and anthracite. Ash 

contents of up to  35 % do not c rea te  any difficulties.' When producing town gas o r  

synthesis gas, oxygen and s team are  used as gasification agent. 
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When applied to the production of fuel gas for gas  turbine power plants, air and 

steam can be used as gasification agent. This simplifies the arrangement  and 

operating conditions of the plants considerably compared with town gas and synthesis 

gas plants. 

3 . 3  General Outline of Scheme 

A simplified flow diagram of the STEAG plant is presented in Fig. 3. The desulfu- 

rization unit is shown in dashed l ines because this unit is not installed for  the present  

due to the low sulfur content of the feed coal. 

F i g .  4 shows the arrangement of the gasification plant within the power plant scheme. 

The coal is gasified in  the LURCI p res su re  gasifier with air and steam under a 

pressure  of, say, 300 psi. The gasification pressure  may be higher o r  lower. 

The coal is fed via a lock hopper to the gasifier where it is gasified completely in 

countercurrent with the gasification agent. Ash is removed via an ash  lock hopper. 

The producer gas is washed in a scrubbing cooler and saturator and is then available 

for the gas  turbine process .  The gas  is saturated with s team and f r ee  of solids. 

3.4 The Gasification Process  

The gasification process  is i l lustrated in Fig. 5. The gasification agent consisting 

of air and steam enters  the gasifier through slots in the rotary grate. It flows 

through the a sh  zone arranged above the ro ta ry  grate  and is  then distributed over the 

cross-sectional a r ea  of the gasifier shaft. 

It then enters  the combustion zone which in the p re s su re  gasifier is relatively narrow. 

Its height is about 5 t imes the diameter  of the coal grains.  This means  that the r e -  

sidence time of the coal and the a sh  in the combustion zone is short. 

The ash  i s  removed continuously via the ro ta ry  grate. It is incinerated substantially 

completely and is cooled to about 500 C by the gasification agent. The temperature  

in the combustion zone ,is controlled by the ra te  of s team addition which is about 

0 , 6  scf steam/scf air during gasification with air. In this connection i t  should be 

noted that the temperature in  the combustion zone is much lower than the theoretical 

0 
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figure obtained from the heat balance-and under the assumption of complete 

combustion. The figure shows the difference between maximum temperature,  which 

is only a fictitious value, and the rea l  temperature. The reason for  this substantial 

temperature difference is that, parallel to the combustion reactions, the initial 

gasification reactions proceed already in  the combustion zone. These endothermic 

reactions reduce the temperature  to  a level of between 1000 and 1200 C, as 

experience has  shown. Inspite of this relatively low temperature a virtually complete 

incineration of the ash is achieved. 

0 

,. 

The combustion gas flows upwards into the gasification zone. Its sensible heat is  

utilized to complete the endothermic gasification reactions which proceed accor - 
ding to the following equations: 

A 1. ' Boudouard reaction c t co2 - 2 c o  

2. Water gas reaction C o t  H20 C 0 2  t H 2  

3 .  Methane formation C t 2 H 2  e CH4 

Parallel  to gasification, devolatilization of the fuel takes place. The proportion of 

devolatilization g a s  is considerable and amounts to about 30 

N -free gas. 
2 

Depending on the reactivity of the fuel, the reactions f reeze  

the reaction end temperature,  at which a gas  equilibrium i s  

mines the gas composition. 

% related to the 

at 720 - 85OoC. This is 

established which de ter -  

Fig. 5 shows that the application of the countercurrent principle allows the utilization 

of the sensible heat of the gas  for coal drying and preheating. Consequently, the g a s  

outlet temperature is relatively low. It is about 500 C when processing sub-bitu- 

minous coal, and about 300 

0 

0 
C when gasifying lignite. 

At the temperature the gas leaves the gasifier. The dry crude gas has  about the 

following composition: 

14 % vol. 

co 16 % vol. 
c02 

H Z  25 70 V O ~ .  

CH4 
N2 

5 % vol. 

100 % vol. 
40 5 vol. 
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This gas further contains. 

Steam f rom coal moisture and undecomposed steam, 

Ta r ,  oil and naphtha in vaporous form, 

Other carbonization products of the coal, such a s  

3' phenols, fatty acid, NH 

The sulfur f rom the coal is present in the gas as 

95 % HZS and 5 % organic sulfur. Very little coal 

dust is also present. 

The gasification efficiency at the gasifier outlet is about 95 70, the losse com- 

prising 1 - 2 % losses  due to unburnt mat te r  in the ash and 3 - 4 % heat losses. 

The gas  is available under pressure.  

3. 5 Purification of Gas to  G a s  Turbine Purity 

As the hot gas leaving the gasifier still  contains little coal dust (0.01 - maximum 

0. 5 % wt. of the coal input) and t races  of alkali and sometimes also chlorine, it 

must be subjected to purification treatment to make i t  suitable for the gas turbine 

process. 

P re s su re  gasification affords complete removal of solids f rom the gas  by quenching 

and washing with hot tar-containing water which is circulated. The investment cost 

for the required equipment is low (see Fig. 4). Cooling of the gas to saturation 

temperature of, say 160 C causes a loss  in efficiency which can, however, be 

tolerated because it provides on the other hand for the gas  purity which is required 

for undisturbed continuous operation of the gas turbine. 

0 

A s  higher -boiling tar fractions a r e  condensed during cooling, the circulating wash 

water contains tar to which the t r aces  of coal dust a r e  bonded. A partial  s t ream of 

the circulating water is withdrawn f rom the saturator and routed to a separator. 

The precipitated mixture of t a r  and dust is returned from the separator to the 

gasifier for cracking and gasification. 

The scrubbing cooler/saturator system also removes other impurities, such as 
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alkali and chlorines which would be detrimental to gas turbine operation. The car -  

bonisation products f rom the coal, such as ta r  oil, naphtha, phenols, ammonia, 

etc. which a r e  st i l l  present  in  the gas  can be burnt completely. Steam saturation 

increases  the steam proportion to 0. 5 scf H O/scf dry  gas. 

Saturation with steam resu l t s  in an increase in  the volume of the gas. The volume 

of the wet gas  a t  the saturator  outlet (before entering the combustor of the gas 

turbine) is about 1. 5 t imes the volume of the dry  gas. While the cooling of the gas 

by saturation with s team causes  a loss  of sensible heat resulting in a reduction of 

the gasification efficiency, this  loss  is compensated in par t  by the increase in  the 

gas volume which means a higher energy output f rom the g a s  turbine. This point 

was discussed previously. 

2 

3 .  6 Gas Desulfurization 

The gas leaving the scrubber/saturator  system is f ree  of solids, alkali and chlorine 

and is suitable for the gas turbine. I t  still  contains gaseous sulfur compounds which 

a r e  not harmful to gas turbine operation but which create  air  pollution problems as 

they a r e  emitted as  S02/S0,. The new and more  stringent air pollution regulations 

require removal of the sulfur f rom the gas. The efforts to meet  this goal in con- 

ventional steam power plants have not been successful so f a r ,  because the problems 

in a combustion process  under atmospheric pressure  a r e  difficult for the following 

reasons.  

a)  

b) 

the volume of the flue gas is relatively large,  

the flue gas  contains f ly  ash, 

c)  the flue gas  is available a t  atmospheric pressure  

and temperatures  of 120 - 20OoC. 

In the scheme using p res su re  gasification the problems a r e  far  less  complicated 

and the above mentioned disadvantages are  eliminated. 

During pressure  gasification, the coal sulfur i s  composed of: 
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90 % H2S 

5 % organic S 

5 % ash sulfur 

The gaseous sulfur compounds can be removed by a wash process  under pressure.  

It is  of importance that other gas consituents a r e  not lost  during the wash process.  

Washing with ammoniacal liquor is particulary suitable for 'selective removal. In 

this connection it i s  an advantage that the coal nitrogen appears  in the pressure  

gasification gas a s  ammonia which means that the wash solution is a product f rom 

coal gasification. The wash system is i l lustrated in Fig. 6. 

H S removal proceeds according to the following reversible reaction: 
2 

(1) NH3 t H 0 t H2S NH HS t H 2 0  
2 4 

The wash process  operates under p re s su re  and a t  gas temperatures  of say,  4OoC. 

The fat  solution is  regenerated by flashing and heating. The H S gas  from'the 

regenerator is available as feed for the Claus process  to  recover sulfur o r  for 
2 

wet contact catalysis to recover  directly sulfuric acid. 

The presence of CO 

equally removed with ammoniacal liquor according to the following equations: 

in  the gas renders  the wash process  more  difficult. C 0 2  is 
2 

(2a) GO2 t H20 d H2C03 

(2b) H2C03 t NH40H NH4HC03 t H20. 

In spite of the high CO 

H S selectively because CO 

relatively slowly. A technically feasible solution is a short  residence t ime wash 

process  where the gas is  only in temporary contact with the wash solution. This 

short residence time wash process  shall ensure that reaction 2a) and 2b) a r e  

incomplete while reaction 1) proceeds to the end. 

par t ia l  p ressure  of the crude gas i t  is possible to  remove 

removal according to equations 2a) and 2b) proceeds 
2 

2 2 
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The following further problem 

proposed wash process. 

The pressure  gasification gas i s  saturated with steam at 140 - 160 C which means 

that i t  contains a considerable amount of sensible heat. As low temperatures a r e  

more  favourable for the wash process and for the preferential completion of 

reaction (1) versus reaction (2), a cooler / saturator system has been incorporated 

which removes the sensible heat from the gas with circulation water in a cooler 

and.which returns the sensible heat to the gas in a saturator downstream of the 

H S removal unit. 

has to be considered for  the realization of the 

0 

2 

Cost of H S removal 
2 

Expenditure ----------- 
Capital charges for the scheme presented in Fig. 6 

including Claus unit (15 % depreciation and interest ,  
a) . 

8000 h/a)  : 44 % 
b) Heat losses:  

Heat requirements fo r  H S removal 

(calory price of fuel = 44 cents MM BTU): 
2 c) 

4 Electricity and cooling water:  

e)  Labour t maintenance: 

10 % 

24 % 
12 % 
10 % 

100 % 

0.565 mills/kwh 

Proceeds 

a) 

-------- 
The coal sulfur is ,  for  example, recovered as sulfur 

in a Claus kiln. At 3.4 % wt. S in the daf coal and a 

sulfur price of $ 24, 60 per sh. ton, the credit  is 

16.5 lb. S/MW x 1. 23 UScents/lb. S = 

b) Credit for  steam f rom Claus unit 

2.75 lb. steam x 0.1 UScent/lb. = 
1 MW 

0.202 mills/kwh 

0.027 mills/kwh 

0.229 mills/kwh 
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Consequently, the cost of gas desulfurization is 

0.565 mills/kwh - 0.229 mills/kwh = 0.336 rnills/kwh 

which has  to  be added to the power generation cost. 

IV. APPLICATION O F  NEW PROCESS 
USING THE LUNEN POWER PLANT AS AN EXAMPLE 

Following the description of gas production and gas purification, the process  scheme 

of the Kellermann Power Plant of STEAG a t  Liinen will now be explained in detail. 

4 .1  

The gas turbine power plant integrated with pressure  gasification of coal will generate 

165 megawatts a t  a thermal  efficiency of 36 %. It shall be used to  cover peak r e -  

quirements for which it is well suitable because of the little t ime needed to s tar t -up 

. the gas  production unit and the gas turbine. The power plant consis ts  of the following 

Process  Scheme and Design Features  

units: 

1. ' Gas production to  handle 76 sh. tons/hr of coal with a net calorific value 

1.1 

1 .2  

1.3 

2. 

2 .1  

2 .2  

3. 

3 .1  

3 .1 .1  

of 10,450 BTU/lb. and to  produce 6,800,000 scf/hr. d ry  fuel gas. 

5 LURGI p res su re  gasifiers - working pressure  

c ros s  -sectional a r ea  : 

Tar recycling 

Gas wash 

300 psig 
2 30 ft /gasifier 

Expansion turbine to reduce the pressure  of the producer gas  f rom 290 

to 140 psig. 

1 gas heater 

1 expansion turbine with compressor  for the gasification air .  

Gas turbine plant 

Double combustor with 

Gas-fired burners  where the gas is burnt a t  an almost  stoichiometric ratio. . 



3.1.2 

3.1.3 

3.2  

3.2.1 

3.2.2 

3.3 

4. 

5. 

5.1 

5.2 
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Steam boiler, consisting of vapoeizer and superheater.  The hourly output 

of steam i s  750,000 lb. at  1,900 psig and 5250C. 

Little air is added to the lower section to adjust the temperature  of the 

combustion gases  to the level permissible for  the gas  turbine. 

Gas turbine with a i r  compressor .  

The g a s  turbine i s  a SIEMENS single-shaft gas turbine. 

Inlet p ressure  137 psig 

In1 et  temperature  a20  O c  

Output. roughly 175 MW 

Air compressor  directly coupled to  the gas turbine. 

Generator. 

The net output of the gas turbine se t  is 74 MW 

Utilization of Waste Heat. 

The sensible heat  contained in the combustion gas when leaving the gas 

turbine is utilized for  two-stage preheating of the feed water whereby 

the temperature of the  exhaust gas is reduced to  168 C. 0 

As the Liinen plant does not include a desulfurization step, the increase 

in dew point due to  the SO /SO content in the combustion gas  had to be 

considered for waste  heat utilization. 
2 3  

Steam turbine 

The turbine i s  a condensing steam turbine with s team extractinn for  gasi- 

fication and f o r  feed water preheating. 

Generator with an  output of 98 MW. 

Other typical features of the new scheme which a r e  incorporated in the STEAG plant 

but which were  not mentioned in the preceding chapters: 

Expansion turbine and 

integration of gas  turbine process  with eteani power process. 
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The expansion turbine is arranged between gas production unit and combustor. The 

economic p res su re  level for  gasification i s  above 300 psig, while with the pre- 

vailing ratio of the flow through the gas turbine to  the flow through the air corn- 

p re s so r  the economic gas turbine feed p res su re  is about 140 psig. Consequently, 

the expansion of the gas in a turbine is a suitable proposition. 

The incorporation of an expansion turbine is very economical in the present case 

because the ratio of the gas flow through the expansion turbine to the air flow 

through the compressor i s  

3 scf gas 

1 scf a i r  t 0. 5 scf s team 

The output of gas volume f rom the gasification process  i s  twice the quantity of the 

input gasification agent. Related to air only, three t imes as much gas is expanded 

as gasification air is compressed. 

The increase  in  volume is partly due to  the H 0 introduced into the gas during 

quenching, which was described in  the preceding chapters. Moreover, the increase 

in  volume takes place during gasification and devolatilization of the coal. 

2 

At an  input of 

the gas output is 

1.0 scf gasification air 

0. 5 scf gasification s team 

1.5 scf 

t 

by gasification 1.85 scf gas 

by devolatilization 

(including coal drying) 

by quenching with water 

0. 25 scf gas 

0 .90  scf s team 

3.00 scf 

This increased volume can be utilized during p res su re  gasification by the incorpo- 

ration of an expansion turbine whereby additional energy is provided. 

This advantage which is gained f rom the combination of gas turbine process with 

gasification o r  reforming has  been utilized in  the present  project only to a limited 
\ 
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extent. The capacity of the expansion turbine could have been increased by further 

increasing the inlet temperature f rom 200 to 400 C and the pressure  drop from 

280 / 140 psig to 420 / 140 psig SO that an extra 7 - 8 MW useful energy would be 

obtained. This would increase the thermal efficiency of the overall process f rom 

36 to  37.5 %. 

0 

Another characterist ic feature of the power process applied in the Liinen plant is 

the pressurized s team boiler. The VELOX boiler is known a s  boiler operating 

under pressure.  The concept used in the present plant has, however, nothing in 

common with the principle of the VELOX boiler. In the VELOX boiler, increased 

flue gas velocities of 600 ft /sec a r e  applied to improve the heat transfer coefficient ' 

and to thus reduce the boiler heating area. The pressure  drop in a VELOX boiler 

is up to 4 5  psig. 

The present scheme uses a pressurized s team boiler which operates a t  140 psig . 

gas pressure  and where the rat io  of pressure  drop to  working pressure  of 

0..2 x 10 

examinations into the possibilities and economics- of-this p re s su re  steam boiler were 

made by Prof. Drawe and Prof. Zinzen a t  the Technical University of Berlin in 1948. 

-2 
is not higher than in normal steam boilers or  heat exchangers. Initial 

The resul ts  were very positive, but the-status of technique at the t ime did not permit 

the realization of these ideas. This concept was taken up for  the present project under 

consideration of the following major aspects: 

1. By arranging a s team generator between combustor, where stoichiometric 

combustion takes place, and gas turbine, it is possible to  remove sufficient 

heat f rom the combustion gas so that the temperature of the combustion gas 

can be adjusted to  the level required for the gas turbine, say, 82OoC. As 

no additional a i r  is required, the net output of the gas turbine set  increases. 

2 .  

3. 

During stoichiometric combustion, i. e. without the use of additional air 

for cooling the combustion gases, the waste gas ra te  is reduced to the 

minimum level possible, whereby the loss  of waste gas, which is rather 

considerable in conventional gas turbine process,  is also cut down. 

The combination of s team power process  with gas turbine process enables 

economic utilization of the waste heat f rom the gas turbine process for 

feed water preheating. 
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4. Owing to the better heat transfer coefficients, the p re s su re  steam boiler 

requires a smaller heating a rea  which makes i t  l e s s  costly compared 

with conventional steam boilers. 

Hence, the integration of the thermal power process  in the gas turbine process im- 

proves the efficiency and cuts down the investment costs. 

4.2 

The following is a summary of the major technical data of the p re s su re  gasification / 
gas turbine power plant a t  Ltinen based on the information received f rom STEAG. 

Technical Data and Investment Costs 

Technical Data of STEAG Power Plant 

Coal consumption 

Output of gas turbine 

Output of steam turbine 

Power required for dr ivers  

Thermal efficiency 

Total heat demand 

Ai r  throughput 

Steam consumption 

Combustion gas ra te  

Cooling water consumption 
(gradient 8.8OC) 

Hence: 

Consumption of make-up water 

t feed water 

76 sh. tons/hr 

(n. c. v. of coal 10,450 BTU/lb. ) 

equal to 1,580 x l o 6  BTV/hr. 

74 MW 

96 MW 
170 MW 

5 MW 

165 MW 

36 % 
9400 BTU/kwh 

16. 5 lb. /kwh 

4. 5 lb. /kwh 

18.5 lb. /kwh 

25.6 gal/kwh 

0.465 gal/kwh 

0.169 gal/kwh 

0.634 gal/kwh 
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Space Requirements 

The space required for  this power plant (excluding cooling tower) i s  only 

2 
175 f t  x 160 f t  = 28,000 ft 

The built-around volumetric space i s  1 ,340 ,000  ft3. 

Investment Costs 

The investment costs of the Lunen power plant a r e  15 - 20 % lower compared with 

conventional power plants of same size. The capital expenditure based on the prices 

in 1968 and excluding gas desulfurization amounts to roughly 

$ 90, --/kw 

This figure includes $ 19, --/kw fo r  gas production. 

The construction period fo r  such power plants is shorter than for conventional power 

plants a s  the gasifiers, p re s su re  steam boilers, etc. a r e  completely fabricated in 

the manufacturers’ works so that erection includes only the lifting in position of the 

equipment and the installation of interconnecting pipework. 

V. APPLICATIONS AND FUTURE DEVELOPMENTS 

The example of the new STEAG power plant at Liinen is only one of the possible 

applications and designs. It uses process and equipment which have already proved 

their technical reliability on a commercial scale. It i s  therefore mere ly  a first step . 

i n  this new direction. Meanwhile, STEAG and LURGI have explored the possibility 

of how this new power plant scheme could be improved further and what other process 

combinations could be  chosen. A brief report  is given about these future developments 

to  conclude this paper. 

The efficiency of the overal l  scheme could be improved by introducing the following 

measures ,  amongst others :  

1. In the gas production process: Increasing the capacity of the expansion turbine 

by preheating the gas to a higher temperature prior to expansion and by the 
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application of a higher gasification pressure .  

2 .  In the gas turbine process :  Increasing the gas turbine inlet temperature. 

3.  In the thermal power process :  Application of intermediate superheating. 

Recent investigations car r ied  out by STEAG have shown that the thermal  efficiency 

will increase to 4 0 . 5  % by intermediate superheating of the steam, and to 42-45 % 
by increasing the gas turbine inlet temperature. 

The trend in gas turbine manufacturing towards la rger  scale units will permit the 

construction of power plants of the present type with la rger  unit capacities, which 

will reduce the specific investment costs. 

The combination of gas turbine process with steam power process  has  been chosen 

because this combination improves the efficiency of the overall scheme due to  the 

lower air  compressor capacity. The same effect could be achieved by utilizing the 

waste hea t  f rom the turbine exhaust gas for  steam saturation of combustion and 

gasification a i r .  

There might be cases where owing to shortage of water  the combination with a 

steam power process cannot be realized. In the combination of p re s su re  gasification 

with gas turbine process only, water consumption can be reduced to 0. 1 gal/kwh 

which i s  only 10 % of the water requirements for conventional thermal power processes. 

The prototype of the new power plant a t  Lunen shows that the combination of p re s su re  

gasification with gas turbine process requires only a minimum of time for start-up 

which i s  the reason why STEAG use  this plant mainly to  cover peak load require- 

ments. As the coal can be stored and the investment costs for  the power plant and 

in  particular for gas production a r e  relatively low, the gas-from-coal power plant 

can supply the peak gas load while nuclear power plants and natural gas power plants 

supply the basic load. 

Another interesti,ng aspect i s  that the gas turbine can also handle other gases,  such 

as natural  gas, coke-oven gas ,  etc. As the coal p re s su re  gasification process  can 

very well cope with load variations, the possibility of mixed operation exists. 
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In summing up, the following advantages of the new power plant process can be 

stated . 

- High efficiency and low investnient costs. 

- Gas desulfurization can be accomplished econamically so that 

a i r  pollution problems a r e  eliminated. 

- I t  can readily cope with special conditions, such a s  shortage 

of water, peak load demand, etc. 

It offers bet ter  possibili-ies for further improvement than 

the conventional thermal power process. 

- 
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EMPLOYING COAL GASIFICATION 

COMBINED STEAM TURBINE - GAS TURBINE SUPERCHARGED CYCLES 

E. A .  P i r sh  , 

The Babcock & Wilcox Company, Barber ton ,  Ohio 

W. L. Sage 

The Babcock & Wilcox R&D Divis ion ,  A l l i a n c e ,  Ohio 
-. 

In t roduct ion  

Over the  y e a r s ,  v a r i o u s  c y c l e s  have been proposed f o r  combining a 
gas t u r b i n e  p l a n t  w i t h  a steam t u r b i n e  p l a n t .  The major advantages 
advanced for such c y c l e s  were t h e  improvement i n  o v e r a l l  c y c l e  e f f i -  
c iency and the  reduct ion  i n  c a p i t a l  c o s t s .  

There a r e  a number of combined p l a n t s  i n  commercial o p e r a t i o n  but  
none a r e  of t h e  supercharged type and marginal economic advantages have 
l i m i t e d  genera l  acceptance.  F u r t h e r ,  none employ c o a l  as t h e  s i n g l e  
f u e l .  

Preliminary s t u d i e s  i n d i c a t e d  t h a t  t h e r e  were combined c y c l e s  
which of fered  a b e t t e r  economic advantage than t h o s e  then  i n  use.  
F u r t h e r ,  c e r t a i n  c y c l e s  appeared capable  of circumventing most of. t h e  
problems which had precluded t h e  use  of c o a l  as t h e  s i n g l e  f u e l  i n  
e x i s t i n g  combined p l a n t s .  

I n  view of the  tremendous p o t e n t i a l  of a n  a t t r a c t i v e  c y c l e ,  a 
program was i n i t i a t e d  which had a s  i t s  o b j e c t i v e  t h e  development of a 
c o a l - f i r e d ,  combined steam turbine-gas  t u r b i n e  e l e c t r i c  genera t ing  
p l a n t  w i t h  a 5 per  c e n t  lower h e a t  ra te  and a 5 per  c e n t  lower c a p i t a l  
c o s t  than a comparable s i z e ,  modern, convent ional  steam e l e c t r i c  p l a n t .  

Conclusions 

S u f f i c i e n t  development work was conducted t o  e s t a b l i s h  t h a t  t h e r e  
was an arrangement o f  a supercharged combined c y c l e  which was techni -  
c a l l y  f e a s i b l e  provided t h a t  a l k a l i  l e v e l s  up t o  5 ppm could be 
t o l e r a t e d  by t h e  gas t u r b i n e .  

economic f a c t o r s  s i g n i f i c a n t l y  a f f e c t e d  achievement of t h e  p r o j e c t ' s  
o b j e c t i v e  ... 

1. Coal p r i c e s  decreased i n  many a r e a s ,  thus d iminish ing  

However, dur ing  t h e  course of t h e  p r o j e c t ,  s e v e r a l  important 

t h e  va lue  of h e a t  r a t e  improvement. 

2 .  C a p i t a l  c o s t s  of convent ional  p l a n t s  decreased v e r y  
s i g n i f i c a n t l y .  Thus, t h e  p o t e n t i a l  f o r  reducing c o s t s  
below those  f o r  convent ional  p l a n t s  was a d v e r s e l y  
a f f e c t e d  . 

Because of these  f a c t o r s ,  t h e  economic o b j e c t i v e s  of  t h e  p r o j e c t  
could not  be achieved.  Consequently,  f u r t h e r  work was d e f e r r e d  u n t i l  
such t i m e  t h a t  t h e  i n f l u e n c i n g  f a c t o r s  changed s u f f i c i e n t l y  t o  a l t e r  
th'e economic eva lua t ion .  Today, a i r  p o l l u t i o n  c o n t r o l  in t roduces  
cons idera t ions  which may a l t e r  t h e  previous economic e v a l u a t i o n  and 

I 
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c y c l e s  which have t h e  p o t e n t i a l  f o r  e f f e c t i v e  and economical a i r  pol lu-  
t i o n  c o n t r o l  a r e  being considered f o r  development. 

Discuss ion  

Engineering s t u d i e s  had been made during a per iod of s e v e r a l  years  
p r i o r  t o  i n i t i a t i o n  of t h i s  p r o j e c t  i n o r d e r  t o  s e l e c t  t h e  optimum cyc le  
f o r  development. Those s t u d i e s  concluded t h a t  a supercharged b o i l e r  
cyc le  would a f f o r d  themaximum p o t e n t i a l  f o r  meeting t h e  c y c l e  e f f i c i e n c y  
and c a p i t a l  cost  o b j e c t i v e s .  Also a s p e c i f i c  des ign  of gas- turbine was 
s e l e c t e d  on the b a s i s  of i t s  performance c a p a b i l i t i e s  and ope ra t iona l  
compatabi l i ty  f o r  i n t e g r a t i o n  i n  a l a r g e  (450 MW) steam p l a n t .  This 
t u r b i n e  w a s  a General E l e c t r i c  Frame S i z e  8 wi th  g a s  i n l e t  condi t ions 
of approximately 1600F and 95 p s i a  and d r i v i n g  a compressor d e l i v e r i n g  
about 440 pounds of a i r  per second. Two such t u r b i n e s  would be i n t e -  
g ra t ed  i n  a 450 MW combined p l a n t .  

The usua l  concept of a supercharged b o i l e r  c y c l e  i n  which the gas 
i s  cleaned between t h e  b o i l e r  and the  gas t u r b i n e  i s  shown i n  Figure 1. 
I n  t h i s  cyc le ,  c o a l  i s  f i r e d  i n t o  a supercharged b o i l e r  where t h e  com- 
bus t ion  cond i t ions ,  a s i d e  from t h e  high p res su re ,  a r e  s i m i l a r  t o  those 
i n  a convent iona l  b o i l e r .  All of the  steam gene ra t ion ,  superheat ing,  
and r e h e a t i n g  i s  accomplished i n  t h e  supercharged b o i l e r .  The hot  
gases from the supercharged b o i l e r  a r e  cleaned and admitted t o  the gas 
tu rb ine .  From t h e  v iewpoin t  of gas  t u r b i n e  e r o s i o n ,  t h e  gas can be 
cleaned adequate ly  i n  a s e r i e s  of high e f f i c i e n c y  mechanical co l l ec -  
t o r s .  However, t h i s  degree  of c l ean ing  i s  n o t  s u f f i c i e n t  t o  prevent 
gas t u r b i n e  co r ros ion  and d e p o s i t s  i n  a h igh  temperature gas tu rb ine .  
Some improvement i n  gas  c l ean ing  can be gained through t h e  use  of a n  
e l e c t r o s t a t i c  p r e c i p i t a t o r .  However, a n  e l e c t r o s t a t i c  p r e c i p i t a t o r  
w i l l  no t  remove v o l a t i l e  a s h  c o n s t i t u e n t s  which can cause depos i t i on  
and corrosion.  

Since c l e a n i n g o f h i g h  temperature combustion gases  d i d  not  appear 
f e a s i b l e , a n d i t  d i d  n o t  appear p o s s i b l e  t o  des ign  a t u r b i n e  i n t o l e r a n t  
t o  t h e  problems o f  e r o s i o n ,  co r ros ion  and d e p o s i t i o n ,  t h e  c y c l e  shown 
i n  F igure  2 was cons idered  t o  be more promising and was s e l e c t e d  as 
the b a s i s  f o r  development. I n  t h i s  c y c l e ,  a l l  o f  t h e  c o a l  i s  gas i f i ed  
t o  produce a f u e l  gas  w i th  a hea t ing  va lue  of about 100 BTU/SCF. The 
gas l eaves  t h e  producer a t  about9OOFand is cleaned with a combination 
of mechanical and e l e c t r o s t a t i c  c l eane r s .  The g a s  i s  then  f i r e d  i n  a 
combustor, cooled t o  1600F by passage over t h e  superhea ter  and r ehea te r  
su r f ace  and i s  admi t ted  t o  t h e  gas  tu rb ine .  The exhaust gases from 
t h e  gas  tu rb ine  a r e  cooled by passage over a i r  h e a t e r  and economizer 
su r face .  Under t y p i c a l  c o n d i t i o n s ,  feedwater i s  introduced i n t o  t h e  
gas  producer a t  about 5’80~ and l eaves  as steam a t  about 7 8 0 ~ .  The 
steam then f l o w s  t o  t h e  combustor where i t  i s  superheated and reheated. 
An obvious advantage of t h i s  c y c l e  i s  t h a t  t h e  g a s  clean-up i s  per- 
formed a t  900F i n s t e a d  of 1600F. 
gas t o  t h e  t u r b i n e  r e q u i r e s  c l ean ing  and t h e  s i z e  of t h e  clean-up 
appara tus  i s  t h e r e f o r e  reduced as compared t o  t h e  supercharged b o i l e r  
cycle .  S ince  c l e a n  g a s  is  f i r e d  t o  t h e  c o m b u s t o r , t h e p o s s i b l e  problems 
of co r ros ion  and f o u l i n g  o f  t h e  supe rhea te r s  and r e h e a t e r s  a r e  reduced 
i n  s e v e r i t y .  

was o u t l i n e d  were t h o s e  of... 

Fu r the r ,  l e s s  t han  one-half of t h e  

The main problems recognized a t  t h e  time t h a t  development work 

1. Deriving a c o a l  g a s i f i c a t i o n  process  s u i t a b l e  f o r  
a p p l i c a t i o n  t o  a power p l a n t .  
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2. Corrosion i n  t h e  reducing environment of t h e  g a s  producer.  

3. Developing a system capable  .of adequate ly  c leaning  t h e  
make-gas from t h e  producer.  

expl 
The 

I n i t i a l  l abo ra to ry  t e s t  work on coa l  g a s i f i c a t i o n  c o n s i s t e d  of t h e  
. o ra t ion  of  two g a s i f i c a t i o n  processes .  These a r e  shown i n  F igure  3. 
f i r s t  of t hese  was a fixed-bed process  i n  which c o a l  w a s  f i r e d ,  wi th  

t h e o r e t i c a l  a i r ,  i n  a lower furnace .  The ho t  gases  passed upwards and 
coun te rcu r ren t ly  t o  a coa l  bed,  s e v e r a l  f e e t  t h i c k ,  and f ed  from above. 
The c o a l  bed was supported on a water-cooled tubu la r  g r a t e  and was 
operated wi th  the  lower p o r t i o n  s lagging .  

The second g a s i f i c a t i o n  process  w a s  a suspension system which a l s o  
u t i l i z e d  a lower furnace  i n  which f u e l  was f i r e d  wi th  t h e o r e t i c a l  a i r .  
The ho t  combustion gases passed upwards and crushed c o a l  of t h e  s i z i n g  
of 1/4 inch x 0 was i n j e c t e d  i n t o  these  gases  a t  t h e  o u t l e t  of t h e  
primary furnace.  The gas v e l o c i t i e s  were maintained s u f f i c i e n t l y  h igh  
t o  keep the  coa l  i n  suspension.  This  g a s i f i e r  was cons t ruc t ed  wi th  a n  
annular  space between a s i l i c o n  ca rb ide  tube ,  i n  which g a s i f i c a t i o n  took 
p l ace ,  and an  ou te r  j acke t .  Combustion gases  from a n a t u r a l  gas  burner  
a t  t h e  top  flowed through t h e  annulus  t o  reduce hea t  l o s s e s  from t h e  
g a s i f i c a t i o n  zone. 

g a s i f i e r s  revea led  t h a t  t h e  fixed-bed process  provided a somewhat r i c h e r  
gas  than t h a t  obtained from t h e  suspension process .  However, t h e  
fixed-bed process  produced t a r s  which were cons idered  troublesome whereas 
t h e  gas from t h e  suspension process  was tar-free. The p rocesses  a l s o  
were eva lua ted  on t h e  b a s i s  of  t h e i r  s u i t a b i l i t y  t o  l a r g e  power p l a n t  
a p p l i c a t i o n  and from t h e  s t andpo in t  of a d a p t a b i l i t y  t o  a wider range of 
coa l  p r o p e r t i e s  and c o a l  s i z i n g  and cons ide ra t ions  of des ign ,  construc-  
t i o n  and ope ra t ion ,  t h e  suspension process  w a s  s e l e c t e d  a s  t h e  b e t t e r  
choice.  

The experimental  r e s u l t s  obtained from t h e  ope ra t ion  of t hese  two 

The next  s t e p  i n  gas  producer development cons i s t ed  of  t h e  des ign  
and cons t ruc t ion  of  a l a r g e  suspension g a s i f i e r  wi th  a c o a l  g a s i f i c a -  
t i o n  r a t i n g  o f  about  5000 pounds p e r  hour. 
ope ra t ion  on June 1961 and an  i somet r i c  view of t h e  appa ra tus  i s  shown 
i n  Figure 4. 

The main components of t h i s  appara tus  were t h e  g a s i f i e r  i n  which 
t h e  make-gas was produced and t h e  combustor, i n  which t h e  make-gas w a s  
burned. A i r  from t h e  forced  d r a f t  f a n  passed through t h e  primary 
s e c t i o n  of t h e  a i r  h e a t e r  and a p o r t i o n  was suppl ied  a s  combustion a i r  
t o  t h e  combustor. The remaining p o r t i o n  passed through t h e  secondary 
s e c t i o n  of t h e  a i r  h e a t e r  and was suppl ied  t o  t h e  g a s i f i e r  a t  tempera- 
t u r e s  up t o  1000F. The coa l  was pulver ized  i n  an  a i r  swept m i l l  and 
conveyed wi th  primary a i r  t o  t h e  burners .  The gas produced was cooled 
over convection h e a t  absorbing su r face  t o  about  8 0 0 ~  and en te red  two 
42 inch cyclone c o l l e c t o r s  where t h e c o a r s e  f ly-coke was removed from 
t h e  gas.  The f ly-coke was c o l l e c t e d  i n  a hopper,  f e d  through a r o t a r y  
f eede r  and r e i n j e c t e d  i n t o  t h e  g a s i f i e r .  The make-gas l eav ing  t h e  
cyclone c o l l e c t o r s  w a s  conducted t o  t h e  combustor where it was burned 
wi th  excess a i r .  

This  g a s i f i e r  went i n t o  

This equipment w a s  operated f o r  about  two yea r s  dur ing  which 
t ime a number of conf igu ra t ions  of t h e  g a s i f i e r  were explored.  The 
o r i g i n a l  arrangement cons i s t ed  of a h o r i z o n t a l  Cyclone Furnace f i r i n g  
i n t o  t h e  gas producer s h a f t .  All of  t h e  coa l  was i n j e c t e d  i n t o  the  
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base of t h e  s h a f t  and t h e  f ly-coke ,  which was separa ted  from t h e  make- 
gas ,  was r e f i r e d  i n t o  t h e  Cyclone Furnace. S ince  t h e  coa l  consumption 
i n  t h i s  g a s i f i e r  was about  5OOO pounds per  hour ,  a s i n g l e  Cyclone 
Furnace was s e l e c t e d  t o  avoid t h e  combustion problems with mul t ip le  
s n a l l e r - s i z e d  Cyclone Furnaces.  However, t h e  ' s ing le  Cyclone Furnace 
arrangenent  introduced gas  f low d i s t r i b u t i o n  problems which would n o t  
e x i s t  t o  t h e  S a m e  degree wi th  m u l t i p l e  Cyclone Furnaces. Consequently, 
t h e  f i n a l  arrangement,  F igure  5 ,  wi th  t h e  h o r i z o n t a l  Cyclone Furnace 
included a t r a n s i t i o n  s e c t i o n  between t h e  Cyclone Fur:iace and t h e  secon- 
dary furnace  so cons t ruc ted  as t o  convert  t h e  g a s  s p i n  on t h e  h o r i z o n t a l  
a x i s  i n t o  a gas s w i r l  on t h e  v e r t i c a l  a x i s .  

Gas producer theory  shows t h e  very  s t r o n g  e f f e c t  o f  g a s i f i c a t i o n  
zone h e a t  l o s s e s  upon t h e  h e a t i n g  va lue  of t h e  gas produced; and 
a n a l y s i s  of the  h o r i z o n t a l  Cyclone Furnace g a s i f i e r  arrangement ind i -  
ca ted  t h a t  lower h e a t  l o s s e s  might be expected by us ing  a v e r t i c a l  
Cyclone Furnace f i r i n g  upward i n t o  t h e  g a s i f i c a t i o n  s h a f t .  

A t  the  same time, c o n s i d e r a t i o n s  based on theory  and p r a c t i c e  
r e s u l t e d  i n  the r e c o g n i t i o n  t h a t  t h e  v e r t i c a l  Cyclone Furnace would 
have t o  opera te  a t  a lower r a t i n g  than t h e  h o r i z o n t a l  Cyclone Furnace 
and t h a t  f i n e r  c o a l  s i z i n g  would be requi red  i n  order  t o  prevent  undue 
carbon l o s s  t o  t h e  s l a g .  On t h e  b a s i s  of t h e s e  a n a l y t i c a l  s t u d i e s  and 
information obtained from p l a n t  v i s i t s  and surveys of t h e  opera t ion  and 
performance of modern European g a s  producers,  it w a s  decided t o  convert  
t h e  h o r i z o n t a l  Cyclone Furnace type producer t o  t h e  v e r t i c a l  Cyclone 
Furnace type i n  order  t o  explore  t h e  p o s s i b l e  advantages of t h i s  arrange- 
ment and t h e  conf igura t ion  i s  shown i n  Figure 6. 

The opera t ion  of t h i s  producer d id  n o t  show any s t r i k i n g  d i f f e r e n c e  
i n  performance. Both producers  operated wi th  acceptab le  carbon l o s s  
t o  t h e  s l a g  and t h e  ranee of gas  hea t ing  va lues  obtained were comparable 
and of  t h e  order of 70-80 BTW/SCF. Ext rapola t ion  o f  t h e s e  r e s u l t s  t o  
t h e  lower percentage h e a t  l o s s e s  i n  a g a s i f i e r  of  commercial s i z e  pre- 
d i c t e d  t h a t  gas w i t h  a h e a t i n g  value of 100 BTU/SCF could be expected 
from e i t h e r  type. The v e r t i c a l  Cyclone Furnace produced somewhat l e s s  
lamp b lack  but t h i s ,  i n  i t s e l f ,  would not  d i c t a t e  t h e  choice between 
t h e  two. The choice  involves  c o n s i d e r a t i o n  o f  o t h e r  f a c t o r s ,  foremost 
of which a r e  the  comparative c o s t s  and t h e  producers ,  t h e  a s s o c i a t e d  
f u e l  handl ing systems and t h e  s i m p l i c i t y  o f  opera t ion .  Summing up 
t h e  r e s u l t s  of t h e  gas producer development work, two a l t e r n a t e  types 
of g a s  producers were developed, e i t h e r  of which is  a p p l i c a b l e  f o r  
use  i n  a combined steam-gas t u r b i n e  cyc le  of commercial s i z e .  

I n v e s t i g a t i o n s  i n t o  t h e  problem of cor ros ion  i n  t h e  reducing 
atmosphere of t h e  gas producer cons is ted  f i r s t  of  a l i t e r a tu re  search. 
Because of t h e  d i f f e r e n c e  i n  metal temperatures  and p a r t i a l  p ressures  
of t h e  gas c o n s t i t u e n t s ,  a lmost  no previous gas  producer cor ros ion  
experience could be found which appl ied  under t h e  c o n d i t i o n s  expected i n  
a gas  producer f o r  a combined cyc le .  
experience a t  t h e  temperatures  and hydrogen s u l f i d e  concent ra t ions  which 
were expected was a v a i l a b l e .  
s t e e l ,  the  in te rmedia te  c r o l o y s ,  and even f o r  t h e  common a u s t e n i t i c  
s t a i n l e s s  s t e e l s  were d iscouraging .  However, though t h e  r e f i n e r y  
experiences were a t  t h e  hydrogen s u l f i d e  l e v e l s  which were expected, 
t h e  p a r t i a l  p ressures  of  t h e  o t h e r  g a s  c o n s t i t u e n t s  were much d i f f e r e n t  
from t h e  expected c o n d i t i o n s .  
t e s t  v a r i o u s  a l l o y s  under condi t ions  d u p l i c a t i n g  those  expected i n  a 
commercial producer. The tests were conducted i n  a u t o c l a v e s  under t h e  
condi t ions  of  p r e s s u r e ,  temperature ,  and gas composition expected i n  
t h e  commercial producer.  These t e s t s  s u b s t a n t i a l l y  confirmed t h e  

However, some petroleum r e f i n e r y  

The cor ros ion  rates r e p o r t e d  from carbon 

Experiments were t h e r e f o r e  designed t o  
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repor ted  r e f i n e r y  experiences.  Search f o r  b e t t e r  a l l o y s  i n  subsequent 
t e s t s  u l t i m a t e l y  l e d  t o  two a l l o y s  which e x h i b i t e d  s a t i s f a c t o r y  corro- 
s ion r e s i s t a n c e .  The f i r s t  of t h e s e  was a n  18 CR - 13 N i  s t e e l  with 
2.5 per cent  s i l i c o n .  The second w a s  an 18 CR s t e e l  w i t h  4 p e r  cent  
aluminum. These s t e e l s  e x h i b i t e d  cor ros ion  r a t e s  of about  0.003 inches 
per year  a t  950F metal temperature  i n  t h e  atmosphere expected i n  a gas 
producer f i r e d  w i t h  a 5 per  cent  s u l f u r  coa l .  

The t h i r d  major a r e a  i n  which development work was undertaken was 
the clean-up of t h e  make-gas from t h e  producer.  The o r i g i n a l  concept 
f o r  c leaning t h e  make-gas t o  t h e  degree r e q u i r e d  f o r  t h e  s e r i e s  gas -  
i f i e r  and combustor c y c l e  descr ibed  e a r l i e r  involved t h e  combination of 
mechanical c o l l e c t o r s  followed by a n  e l e c t r o s t a t i c  p r e c i p i t a t o r .  It  
was recognized t h a t  t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r  involved t h e  major 
d i f f i c u l t i e s  expected. Therefor e ,  an e l e c t r o s t a t i c  p r e c i p i t a t o r  was 
designed and b u i l t  t o  i n v e s t i g a t e  c leaning  of t h e  g a s  from t h e  producer. 
Problems were immediately encountered i n  t h e  way of i n s u l a t o r  e l e c t r i c a l  
s h o r t i n g  due t o  d e p o s i t s  o f  carbon black. This d i f f i c u l t y  w a s  l a r g e l y  
overcome by employing a charged g r i d  around the  i n s u l a t o r  toge ther  with 
g a s  sweeping using n i t r o g e n  a s  t h e  purge gas .  A small number of per- 
formance t e s t s  were conducted on t h e  p r e c i p i t a t o r  and t h e  r e s u l t s  
ind ica ted  t h a t  t h e  permiss ib le  gas  v e l o c i t i e s  were s o  low as t o  make 
t h e  p r e c i p i t a t o r  f o r  a commercial u n i t  very l a r g e  and p r o h i b i t i v e l y  
exp ens i v  e. 

It  then was decided t o  determine whether t h e  g a s  c lean-up could 
be accomplished t o  a s u f f i c i e n t  degree by mechanical means a lone ,  Test  
apparatus  was i n s t a l l e d  t o  determine t h e  e f f e c t i v e n e s s  of  mechanical 
c leaning of the  make-gas from t h e  s tandpoin t  of turbine eros ion .  The 
appara tus ,  a s  shown i n  F igure  7, c o n s i s t e d  o f  a series of mechanical 
c o l l e c t o r s ,  a combustor where t h e  producer gas was burned, a h e a t  ex- 
changer t o  cool  t h e  g a s  t o  t h e  desired temperature  e n t e r i n g  the g r i d s ,  
a t u r b i n e  g r i d  s imula t ing  t h e  f i r s t  s t a g e  nozzles  and b lades  and a 
steam e j e c t o r  t o  produce t h e  d e s i r e d  g a s  v e l o c i t i e s  through t h e  gr id .  
Test  r e s u l t s  i n d i c a t e d  t h a t  the  make-gas could be cleaned by mechanical 
means a lone  t o  t h e  degree r e q u i r e d  t o  prevent  gas t u r b i n e  e ros ion .  

However, it was recognized t h a t  c leaning  of t h e  make-gas by 
mechanical means only could in t roduce  s e r i o u s  problems i n  t h e  c y c l e  
o r i g i n a l l y  s e l e c t e d  f o r  development. Two p o s s i b l e  problems which were 
envisioned were.. . 

1. t u r b i n e  e r o s i o n  due t o  a s h  agglomeration and subsequent 
s p a l l i n g  of coarse  p a r t i c l e s  from t h e  combustor convect ion 
s u r f a c e s  and 

2. cor ros ion  i n  t h e  gas  t u r b i n e  due t o  t h e  bui ld-up of 
a l k a l i  i n  t h e  system. 

The c y c l e ,  shown i n  F igure  8, was conceived t o  circumvent t h e s e  d i f f i -  
c u l t i e s .  T h i s  c y c l e  can be descr ibed  as a p a r a l l e l  gas  producer and 
supercharged b o i l e r  arrangement. I n  t h i s  c y c l e ,  t h e  major p o r t i o n  of  
t h e  c o a l  i s  consumed i n  t h e  supercharged b o i l e r  under normal condi t ions  
of excess a i r .  The combustion gases  a re  t h e n  cooled t o  9OOF and cleaned 
i n  a n  e l e c t r o s t a t i c  p r e c i p i t a t o r .  S ince  t h e  f l y  a s h  i s  f r e e  of carbon, 
t h e  opera t ion  of t h i s  p r e c i p i t a t o r  does not  p r e s e n t  t h e  problems encoun- 
t e r e d  when cleaning gas  from the  g a s i f i e r .  
t u r e  i s  s u f f i c i e n t l y  low t h a t  v o l a t i l e  a s h  c o n s t i t u e n t s  a r e  e s s e n t i a l l y  
a b s e n t  and the  a l k a l i  can be c o l l e c t e d  as a fume and d ischarged  from t h e  
system. The opera t ing  temperature  of t h e  p r e c i p i t a t o r  would n o t  present  

I n  a d d i t i o n ,  t h e  gas  tempera- 
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d i f f i c u l t i e s  due t o  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  the  gas o r  ash.  

S u f f i c i e n t  coa l  i s  g a s i f i e d  i n  t h e  gas producer t o  supply t h e  
combustor with enough f u e l  t o  r e h e a t  a l l  o f  t h e  gas  t o  t h e  t u r b i n e  
t o  the  d e s i r e d  i n l e t  temperature.  The gas t u r b i n e  exhaust gases  a r e  
cooled t o  the  s t ack  temperature with a i r  h e a t e r  and economizer su r face  
i n  a manner similar t o  t h e  s e r i e s  cyc le .  

Under t y p i c a l  c o n d i t i o n s ,  feedwater e n t e r s  t h e  g a s i f i e r  a t  580F 
and l eaves  a t  670F. I t  t h e n  passes  t o  t h e  supercharged b o i l e r  where 
t h e  superheat ing and r ehea t ing  takes  p l ace .  

The p a r a l l e l  c y c l e  posses ses  a number of important advantages over 
t h e  s e r i e s  cycle.  Perhaps the  ch ief  one i s  t h e  s i m p l i f i c a t i o n  i n  the  
gas  c leaning.  In  t h e  c a s e  of t h e  p a r a l l e l  c y c l e ,  a l k a l i  i s  r e j e c t e d  
from t h e  cyc le  a long w i t h  t h e  f l y  a s h  from t h e  p r e c i p i t a t o r  i n  addi-  
t i o n  t o  i t s  d i s p o s a l  w i t h  t h e  s l a g .  The curves of Figure 9 show t h e  
r e l a t i o n s h i p  between the  a l k a l i  concen t r a t ion  t o  the  gas t u r b i n e  and the  
make-gas cleaning e f f i c i e n c y  f o r  t he  p a r a l l e l  c y c l e  w i t h  t h e  assumptions 
i n d i c a t e d .  The assumptions r e q u i r e  a 95 per cen t  e f f i c i e n t  mechanical 
c o l l e c t o r  t o  reduce t h e  a l k a l i  t o  t h e  t u r b i n e  t o  5 ppm when burning a 
0.25 per cent  t o t a l  a l k a l i  coa l .  Further  t e s t i n g  under gas t u r b i n e  
cond i t ions  of p r e s s u r e  and temperature would be r equ i r ed  t o  a s s e s s  
whether an a l k a l i  l e v e l  o f  5 ppm i n  t h e  g a s  t o  t h e  t u r b i n e  could be 
t o l e r a t e d .  

Since the  gas producer r e q u i r e s  s t a i n l e s s  s t e e l  t o  provide corTo- 
s j o n  r e s i s t a n c e ,  it i s  a c o s t l y  component i n  t h e  cyc le .  In the  p a r a l l e l  
c y c l e ,  about 30 per  cen t  OT t h e  coa l  must be g a s i f i e d  as  compared with 
t h e  need f o r  100 per  c e n t  g a s i f i c a t i o n  i n  t h e  s e r i e s  cyc le .  The s i z e  
and c o s t  of  t h i s  component, t h e r e f o r e ,  a re  reduced i n  t h e  p a r a l l e l  cycle.  
This advantage i s  f u r t h e r  augmented by t h e  reduced temperature  pick-up 
i n  t h e  g a s i f i e r  coo l ing  c i r c u i t .  The r e s u l t i n g  lower metal  temperature 
l i m i t s  the  co r ros ion  r a t e  t o  a t o l e r a b l e  l e v e l .  

The p a r a l l e l  c y c l e  p r e s e n t s  f u r t h e r  advantage i n  t h e  way of t he  
increased ope ra t ing  f l e x i b i l i t y  p o s s i b l e  i n  t h e  g a s i f i e r .  Since t h e  
f ly-coke removed from t h e  make-gas i s  f i r e d  t o  t h e  supercharged b o i l e r ,  
t h e  gas producer need n o t  ope ra t e  under t h e  cond i t ion  of 100 per cent  
carbon u t i l i z a t i o n .  This  permits ope ra t ion  w i t h  a h ighe r  f u e l  t o  a i r  
r a t i o  i n  t h e  g a s i f i e r  which produces gas w i t h  a n  increased hea t ing  
value.  I n  e fFec t ,  t h e  g a s  producer can be operated anywhere between 
t h e  cond i t ions  of a gas producer o r  a ca rbon ize r .  

Evaluation of t h e  cons ide rab le  d a t a  ob ta ined  a s  a r e s u l t  of t he  
r e s e a r c h  and development l e d  t o  the  assessment t h a t  a la rge  s c a l e  p l a n t ,  
of t he  p a r a l l e l  c y c l e  t y p e ,  would be t e c h n i c a l l y  f e a s i b l e  provided t h a t  
a l k a l i  l e v e l s  up t o  5 ppm could be t o l e r a t e d  by the  gas tu rb ine .  

Engineering des igns  and s t u d i e s  c l o s e l y  p a r a l l e l e d  t h e  l abora to ry  
work throughout t h e  e n t i r e  development and a n a l y s i s  of t h e  p a r a l l e l  
c y c l e  showed t h a t  t h e  d e s i r e d  h e a t  r a t e  r e d u c t i o n  could be obtained.  

To determine whether t h e  commercial development of t h i s  cyc le  
could be j u s t i f i e d ,  a 450 MW p l a n t  w a s  designed t o  a s u f f i c i e n t  degree 
t h a t  r e l i a b l e  c o s t  e s t i m a t e s  and eva lua t ions  could b e  made. S u b s t a n t i a l  
engineer ing e f f o r t  was expended i n  t h e  design o f  a l l  t h e  p l a n t  compo- 
nen t s  t o  a s su re  f u n c t i o n a l  and s t r u c t u r a l  adequacy. 

Sketches of t h e  s i d e  e l e v a t i o n  and t h e  p l a n  view of t h e  p l a n t  
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arrangements which were developed a r e  shown i n  F igu res  10 and 11 respec- 
t i v e l y ,  and a n  a r t i s t ' s  ske t ch  of t he  p l a n t  i s  shown i n  F igu re  12. 

From these  s t u d i e s  i t  was concluded tha t . . .  

1. 

2. 

3 .  

4. 

5. 

The machinery arrangement f o r  a combined p l a n t  i nvo lves  
more components, i s  more complex and i s  i n h e r e n t l y  more 
expensive than t h a t  o f  a convent iona l  p l a n t .  

A combined p l a n t  does no t  o f f e r  a s u b s t a n t i a l  saving i n  
the cos t  of p l a n t  components e x t e r n a l  t o  t h e  b o i l e r  
p l a n t  and steam generator .  

The increased c o s t  of t h e  p l a n t  was g r e a t e r  than the  . 
va lue  o f  t h e  h e a t  r a t e  improvement. 

The r educ t ions  made i n  t h e  c o s t  of convent iona l  p l a n t s  
dur ing  t h e  course  o f  t h i s  development s i g n i f i c a n t l y  
a f f e c t e d  t h e  c o s t  comparison between convent iona l  and 
combined cyc le s .  

The s i g n i f i c a n t  dec rease  i n  t h e  average  c o s t  of  coa l  
de l ive red  t o  u t i l i t i e s  which occurred dur ing  t h e  cour se  
of t h e  p r o j e c t  decreased t h e  worth of h e a t  r a t e  improve- 
ment and was unfavorable  t o  t h e  combined c y c l e  economic 
comparison. 

A very  thorough a n a l y s i s  of t h e  economic and market eva lua t ions  
concluded tha t  t h e  c y c l e  d i d  not o f f e r  s u f f i c i e n t  economic inducement 
t o  j u s t i f y  t h e  very  l a r g e  expendi ture  that  would be r equ i r ed  t o  
cont inue t h e  development t o  r each  t h e  commercial product stage. 
Accordingly, it w a s  agreed  t h a t  development should be d i scon t inued  
u n t i l  such t ime t h a t  major f a c t o r s  a l t e r e d  s u f f i c i e n t l y  t o  change 
the  above conclusion. 

The inc reas ing  emphasis on t h e  c o n t r o l  of a i r  p o l l u t i o n  has r e s u l t e d  
i n  renewal of i n t e r e s t  i n  combined c y c l e s  of t h e  supercharged type which 
o f f e r  t h e  p o t e n t i a l  f o r  removal of t he  p o l l u t a n t s  from gases  a t  elevated 
p res su res  and of reduced volumes. 

There a r e  a number of c y c l e s  which have been proposed f o r  t h i s  
purpose and a n  example o f  one i s  shown i n  F igu re  13. In th i s  cyc le ,  
coa l  and a i r  a r e  f ed  t o  a p r e s s u r i z e d ,  water-cooled gas producer which 
d e l i v e r s  combustible g a s  a t  about  9OOF. The p a r t i c u l a t e  matter is  then  
removed e i t h e r  mechanically or by f i l t e r i n g  i f  f i l t e r  media capable  of 
ope ra t ing  a t  t h i s  temperature are  developed. The s u l f u r  compounds can 
be removed by s o l i d  adsorbents  of t h e  metal  ox ide  type which can  be . 
regenera ted  t o  produce s u l f u r  d iox ide  s u i t a b l e  for feed t o  a s u l f u r i c  
a c i d  p l a n t .  A l t e r n a t e l y ,  r e g e n e r a t i o n  t o  form e lementa l  s u l f u r  may be 
f e a s i b l e  and t h i s  i s  under i n v e s t i g a t i o n .  

t o  a high temperature gas  t u r b i n e  which exhausts  t o  t h e  steam generat ing 
and h e a t  recovery p o r t i o n  o f  t he  system. The water and t h e  steam s i d e  
of t h e  cycle  have been omitted from t h e  f i g u r e  f o r  t h e  sake  of s i m p l i -  
c i t y .  Since the flame temperature i n  t h e  combustor i s  less than  t h a t  
i n  a conventional c o a l - f i r e d  b o i l e r  fu rnace ,  s i g n i f i c a n t l y  l e s s  n i t rogen  
ox,ides w i l l  be produced. 

The c l e a n  combustible gas  i s  f i r e d  i n  a combustor which d i scha rges  

Since the  g a s  i s  produced and cleaned a t  h igh  p r e s s u r e ,  t h e  s i z e  
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and poss ib ly  t h e  c o s t  of t h e  gas producer and cleanup system would be 
s i g n i f i c a n t l y  less  t h a n  with atmospheric pressure  systems. 
t h e  power cycle  i s  more e f f i c i e n t  and t h i s ,  coupled with t h e  va lue  of 
s u l f u r  recovered,  i n d i c a t e s  promise f o r  an economical s o l u t i o n  t o  t h e  
a i r  p o l l u t i o n  problem of t h e  e l e c t r i c  u t i l i t i e s .  

through t h e  p i l o t  p l a n t  s t a g e  and t h e  cyc le  i s  considered t o  be 
technologica l ly  f e a s i b l e .  However, t h e  economic eva lua t ion  o f  t h e  
c y c l e  and the development c o s t s  which would be requi red  have not  been 
exsmined i n  s u f f i c i e n t  d e t a i l  t o  perrnit conclusions concerning t h e  
commercial p o t e n t i a l .  Perhaps, with t h e  a p p l i c a t i o n  of s u f f i c i e n t  
engineer ing ingenui ty ,  a c y c l e  of t h i s  or a similar type may become 
the  economical power p l a n t  of t h e  f u t u r e .  
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BCURA I n d u s t r i a l  1,abora:ories 
Lea theriie ad, En p, I and 

1. 1NTCC)DUCTION 

Over the  l a s t  two decades, f l u i d i s a t i o n  has bn-come a widely 
accepted and reasonably well-understood means f o r  b r ing ing  about mass and 
h c a t  t r a n s f e r  i n  t h e  chemicai. and petroleuni p r o c c s s k g  i n d u s t r i e s .  

Whcre uniform t expe ra tu ra ,  good mixi.cg, h igh  h e a t  t r a n s f e r  r a t e s ,  
l a r g e  a reas  of r e a c t i o n  s u r f a c e ,  and mob i l i t y  of r e a c t i n g  s p e c i e s  are 
impor tan t ,  i.t would be  d i f f i c u l t  t o .  envisage a more s u i t a h l e  process ing  t o o l .  
I t  cannot,  of course ,  be i n f e r r e d  t h a t  such systews do not  have many p r o b l e m ,  
o r  t h a t  al.1 t he  p o t e n t i a l  b e n e f i t s  of f l u i d i s e d  bed process ing  systems have 
been success fu l ly  r - a l i s e d .  The l i t e r a t u r e s  c m t a i a  nany d i s s e r t a t i o a s ,  
(e.g.  S q u i r c s ,  1361) w r i t t e n  by those  who have encountered d i f f i c u l t i e s  i n  
coming t o  terns w i t h  f l u i d  beds.  

Tlie purpose of t h i s  paper i s  t o  o u t l i n e  t h e  p o t e n t i a i  b e n e f i t s  of 
f l u i d i s c d  combu?tion, mainly ir. the f i e l d  of p w e r  gcne ra t ion ,  and pa r t i cu -  
l a r l y  when i t  i s  c a r r i e d  ou t  under p re s su re .  We a l s o  i n d i c a t e  some of t h e  
problems t h a t  have t o  be overcome t o  r e a l i s e  tnese  b e n e f i t s ,  and o u t l i n e  
some of t h e  inves t iga t io i i s  be ing  made t o  s o l v e  them. 

2. FEA'flJRES OF FLUIUISED COMSUSTION 

The f l u i d i s e d  bed f o r  a combustion system can be Formcd from any 
i m r g a n i c  p a r t i c u l a t e  ma t t e r ,  e.6.  minera l  u a t t e r  frcm c o a l ,  crushed 
r e f r a c t o r y ,  limes tone o r  dolomi t r  . 
good r e s i s t a n c e  t o  a t t r i t i o n ,  o therwise  excess ive  q u a n t i t i e s  of ma te r i a l  
would need t o  be f ed  t o  make up f o r  e l u t r i a t i o a  of f i n e s  and t o  main ta in  
bed l e v e l .  

The p a r t i c ?  es should p r e f e r a b l y  have 

Coal ( o r  o i l )  i n j e c t e d  i n t o  t h e  f l u i d  bed i s  burned a t  h igh  r a t e s  
of h e a t  r e l e a s e  and the  r a t e s  of h e a t  t r a n s f e r  to '  surfa1:es immersed i n  the  
bed a r e  much h ighe r  than :he average r a t e s  a t t a i n e d  i n  ?.onventional furnaces .  

F lu id j sed  combustion i s  no t  an e n t i r e l y  new technique .  
l as t  t h i r t e e n  y e a r s ,  f l u i d i s a d  combus t i o n  sys tcms have been descr ibed  f o r  
burning d i i f i c u l t  f a e l s  such as  a n t h r a c i t e  f i n e s  (St.ouff, 1957) ,  l i g n i t e  
(Panoiu and Caeacu, 1 S 4 2 ;  Novotny, 1963) and washery t a i l i n g s  (Fasso t t e ,  
1961). P l a n t s  descr ibed  by Godel (1963) and by 0kar:iws and Suzuki (1959), . 
which have apparent ly  nrovzd succesq fu l ,  d i f f e r e d  from t h e  p re sen t  concept 
i n  t h a t  t he  comb-stion t enpe ra tu res  v e r e  h igh  enough t o  f u s e  t h e  a sh ,  and a l l  
t h e  h e a t  r e l e a s e  v a s  reccvered from t h c  gas l eav ing  the  bed, us ing  more or 
less conventional b o i l e r  h e a t  exchmgr  su r face .  Anott.er s u c c e s s f u l  p l a n t  
(von F r i e s e ,  1961) conta ined  coo1,ing tubes i n  t h e  bed t o  redxce  c l inke r ing ,  
and about h a l f  t h e  t o t a l  si:eaz ou tpa t  was genera ted  in t h e s e  tubes .  

Over the  

111 t h e  preaenr  coicepr of f l u i d f s e d  combustion, x s t  of t h e  h e a t  i s  
ex t r ac t ed  f r o n  t h e  bed i n  t.h<.s way. Though foreshadowed to some e x t e n t  
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h\r t!le l i i t l e - p u b l i c i s e d  a c t i v i 5 e a  of t h e  i$adisr.h2 AaLlin uric! Soda Pa>r ik  
(1957) and of Csmbustion Engineering Inc .  (1;571, t h i s  concept iarge2.y S-ieX; 

cr-,fi i-nveatigations s t a r t e d  abo~t t  si:: yea r s  ago i n  t h e  U.%. a t  t k  resea rch  
l a b c r a t o r i e s  of t h e  Cen t ra l  El .ecir ic i , ty  Generaring nczrd  ( Y o t t e r i l l  and 
E l l i 3 t t .  1954!, and continxed EL che C m t r a l  Researck Establishmerit CCRE) ok 
t he  Nat iona l  Coal Board 2nd a t  t h e  B r i t i s h  Coal U t i l i s o t r o n  Research Associa- 
t i o n  (BCURA). The work a t  X U %  vas o r i g i n a l l y  aimed a t  developing 
s,ilall packaged i n d u s t r i a l .  b o i l e r s  (Barker,  Roberts and Wright, 1969),  i?tierem 
t h e  o t h e r  a c t i v i t i e s  have been concerned wi th  f l u i d i s e d  combustion of ccrai 
f o r  l a r g e  power p l a n t  (McLaren and kfillirrrls, 1969). For t h e  l a s t  txo yea r s , .  
BCITRA have a l s o  been i n v e s t i g a t i n g  flu.;dlsed combus t i o n  tinder p re s su re ,  
p r imar i ly  f o r  power product ion  (Hoy and Rober t s ,  1969). 

F l u i d i s e d  combustion of o i l  has  been pioneered i n  t h e  U.K. by Esso 
(Moss, 1968). The sys tem proposed, u sua l ly  known as t h e  "Chemically Active 
P lu id i sed  Bed Combustor", involves  burning r e s i d u a l  o i l  i n  a i l u i d i s e d  bed 
of l imestone o r  dolomite,  which absorbs su lphur  dioxide.  
regenera ted ,  wi th  recovery  of t h e  su lphur ,  by t r e a t n e n t  i n  a s e p a r a t e  s t age .  
A similar arrangement has  been proposed f o r  burn ing  f i n e l y  pu lve r i sed  coa l .  

The lime is 

2.1.  Potential-Alvantages of  F lu id i s sd  Combustion 

The p r e s e n t  concept of f l u i l i s e d  co rdus t ion  has m n y  advantages 
over conventional combustior. systems. By ope ra t ing  f l u i d i s e d  
combustors vnder h igh  p res su re ,  many a d d i t i o n a l  b e n e f i t s  can be  gained. 
The m s s t  imports..: of t h e s e  a r e  t h e  r educ t ion  of p l a n t  s i z e  and t h e  
p o s s i b i l i t i e s  f o r  improving thenual  e f f i c i e n c y  and s impl i fy ing  some f e a t u r e s  
of f l u i d  bed ope ra t ion .  

A l l  t h e  p o t e n t i a l  b e n e f i t s  accrue  from t h e  fo l lowing  key f e c t o r s :  

a.  The l a r g e  s u r f a c e  a v a i l a b l e  f o r  r e a c t i o n ,  long s o l i d s  
r e s idence  t i m e ,  and e x c e i l e n t  s o l i d s  mixing, enable  
high combustion e f f i c i e n c y  and i n t e n s i t y  to be  achieved 
a t  combustion temperatures a s  low as ~ ~ O O - N O O ~ F  
( 700-10OO0C). 

b.  The f l u i d  bed provides  h igh  r a t e s  of h e a t  t r a n s f e r  t o  
immerse2 su r f  aces. 

Combustion I n t e n s i t y  and Ef f i c i ency  - The combustion i n t e n s i t y  (rate of  heat 
release p e r  u n i t  bed volume) is p ropor t iona l  t o  t h e  mass v e l o c i t y  of combus- 
t i o n  e i r ,  and t h e r e f o r e  t o  t h e  f l u i d i s i n g  v e l o c i t y  and ope ra t ing  p res su re .  

F lu id i sa t io r ,  v e l o c i t y  depends mainly on t h e  p a r t i c l e  s i z e  d i s t r ibu -  
t i o n  of t h e  material t h a t  forms the bed. 
a d d i t i o n  t o  t h a t  a s s o c i a t e d  w i t h  the c o a l  i s  supp l i ed  t o  t h e  bed, the  s i z e  
c o n s i s t  of t h e  bed m a t e r i a l  w i l l  depend upon t h e  s i z e  of t h e  ash  a s soc ia t ed  
w i t h  t h e  coa l  and i ts  r e s i s t a n c e  t o  a t t r i t i o n .  P l u i d i s e d  combustion i n  i t s  
sircplest form t h - i e f o r e  i s  b e t t e r  s u i t e d  f o r  burning, uncleaned coa l s  than  

Unless ino rgan ic  m a t e r i a l  i n  

f o r  burn ing  low-ash clean coa ls .  - L Y  

The ope ra t ing  range  i s  from t h e  lowest v e l o c i t y  needed t o  maintain 
f l u i d i s a t i o n  t o  the ve loc iLy zbove which e l u t r i a t j o n  is. excess ive .  
t k e  lower l i m i t  is r e l a t i v e l y  i n s e n s i t i v e  t o  p re s su re  (Fig. 11, inc reas ing  
t h e  P res su re  can i n c r e a s e  t h e  q u a n t i t y  of l oa t e r i a l  e lucrTated  from t h e  bed 
(Fig.  2) .  With o p e r a t i o n  under pressure ,  t h - m f o r e ,  r a t h e r  n o r e  car rycver  
material has t o  b e  r ecyc led  tc  a t t a i n  t h e  same l e v e l  a f  combustion e f f i c i ency .  

Though 
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'Xh? f l i * i d i s a t i o n  :relocit ies >:!d heai re7 ezsc r a t e s  r e l e v a n t  t o  t h e  

t h i e e  s i z e  rangzs of coa l  t h n t  h3vz beer. used i n  most of t h c  U.K. i nves t iga -  
t i o n s  a r c  as fo l lows  : 

Noniinal c o a l  s i z e  range  in .  1 / 1 G  - 0 1/8 - 0 114 - 0 
F l u i d i s i n g  Veloc i ty  range f t l s  1 - 4 2 - 3  5 - 1 2  

Heat r e l e a s e  rate 106Btu/fL2h 9.09-0.36 C.i&@.81 0.45-1.08 

I (Bed temp 8oO°C; JO% excess a i r )  

Combustion i n t e n s i t y  depends upon two f u r t h e r  f a c t o r s ,  ( i )  t h e  
minimum depth  of bed needed t o  g e t  good d i s p e r s i o n  of t h e  f u r l  a d  t o  complete 
r e l e a s e  and combustion of t o l a t i l e  matter; t h i s  i s  t h e  main f a c t o r  a t  
atmospheric p re s su re ,  and ( i i )  t h e  depth of  bed r equ i r ed  t o  accommodate the  
h e a t  t r a n s f e r  s u r f a c e  needed f o r  a t t a i n i n g  t h e  chosen bed tempera ture ;  
is t h e  main l i m i t i n g  f a c t o r  a t  h igh  p res su res .  

t h i s  

A t  atmospheric p r e s s u r e  combustior. e f z i c i e u c i e s  i n  excess  of 99% 
have been obta ined  when burn ing  1/16"-0 c o a l  i n  beds about 2 f t  deep 
(McLaren aiid Gi l l i ams)  . Combustion i n t e n s i t i c s  i n  excess of  0.1 m i l l i o n  
Btu / f t3h ,  some ter, t i m e s  t hose  a l lowable  i n  convent iona l  b o l l e r  p l a n t ,  a r e  
achieved. 
f i v e  times h ighe r ,  a l b e i t  a t  some s a c r i f i c e  of  combustion e f f i c i e n c y .  

At high  p res su res  t h e  p o t e n t i a l  r educ t ion  i n  b o i l e r  s i z e  is  

. 
Burning l/4"-0 c o a l  t h e  combustion i n t e n s i t y  can b e  a t  least  

dramatic (F ig .  3), a f l u i d i s e d  bed b o i l e r  opera ted  i t  15-20 a t m  could be  
about 1115th t h e  volume of a convent iona l  b o i l e r  ope ra t ing  a t  a tmospher ic  
p re s su re .  

The s i z e  of t h e  b o i l e r  'envelope' ,  however, is n o t  s o l e l y  d i c t a t e d  
by combustion i n t e n s i t y  a t t a i n e d  i n  t h e  bed and the space  needed f o r  t h e  
h e a t  t r a n s f e r  su r f ace .  Fac to r s  such as (a)  the amui i t  of ' f r eeboa rd '  needed 
above the  bed t o  minimise e l u t r i a t i o n ,  (b) s i z e  and l o c a t i o n  of steam headers  
and ( c )  arrangement of ho t  gas  duc t ing  can also have a n  impor tan t  e f f e c t  on 
the o v e r a l l  s i z e  of t h e  p l a n t .  

C lea r ly  the minimum s i z e  of containment w i l l  ba ob ta ined  w i t h  t h e  
p a r t i c l e  s i z e  range  t h a t  g ives  t h e  h i g h e s t  f l u i d i s i n g  v e l o c i t y ;  the cond i t ions  
a s  regards  heat t r a n s f e r  un fo r tuna te ly  are t h e  converse of this. 

Heat T r a n a  - The t o t s 1  h e a t  t r a n s f e r  c o e f f i c i e n t  between a f l u i d i s e d  bed 
and a n  immersed a a r f a c s  is p r imar i ly  a f u n c t i o n  of p a r t i c l e  s ize ,  b u t  it is 
a l s o  in f luenced  by t h e  t e q e r a t u r e  of  t h e  bed 2nd of t h e  immersed s u r f a c e ,  
and by t h e  a b i l i t y  of bed m a t e r i a l  t o  c i r c u l a t e  f r e e l y  ( i . e .  on the c loseness  
of tube  packing).  The t o t a l  h e a t  t r a n s f e r  c o e f f i c i e n t ,  which comprises 
r a d i a t i v e  and convec t ive  components, can  be  up t o  10 Zitzes h ighe r  t han  i n  
convent iona l  gas-to-surface h e a t  exchange s y s t e m ,  depending on  p a r t i c l e  size 
(Fig.  4). For example, i n  f l u i d i s e d  combustors burn ing  1/16"-0 c o a l ,  h e a t  2 t r a n s f e r  c o e f f i c i - n t s  t o  water cooled tubes  of approx. 90 B t u / f t  
ob ta ined  w i t h  tubes 2 i n . a p a r t ,  r i s i n g  t o  100 B tu / f t2  h OF w i t h  tubes  6 in .  
a p a r t .  A s  Fig. 4 Shows. h igher  h e a t  t r a n s f e r  c o e f f i c i e n t s  are ob ta ined  with 
h ighe r  tube  t e q e r a t u r e s .  

L 

h OF are 

A f u r t k e r  Lac to r  t h a t  adds to  'she sav ing  i n  heac t r a n s f e r  s u r f a c e  
' o b t r i n e d  w i t h  i l u i d i s e d  combi-stion i s  t h a t  t h e  whole of t h c  s u r f a c e  of  t h e  tubes 
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Fml:t.rsed i n  the bed ( a n d , t h c s e  absorb c .  70% ?f t h e  h e a t  of  t h e  fuhl) .  i s  
n.v.silablE f o r  h a a t  c r a n s f c r ,  Ichcreas only h a l €  of tile: su r f ace  c f  t he  tubing 
of a convcr,ti.on?l boi1z.r fi;rzzcO- i r ,  e.xposed t o  t h c  corubustion gases.  

Operation under p r c s s u r c  does no t  a f f e c t  t he  h e a t  t r a n s f e r  t o  tubes 
immersed i.n the bed. Neve r the l e s s ,  f u r t h c r  sav ings  i n  h igh-a l loy  tub ing  
a r c  achieved  by o?erac ion  unZsr pres su re ,  because t h e  gas tu rb ine  absorbs 
mst of the hea t  r e q u i r e d  t o  reduce the tempera ture  of th.e gas  leav ing  t h e  
bed t o  700-75CoF (375-40OoC).  
exposed t o  teniparatures above 750°E (430oC), as compared wi th  conventional 
p . f .  f i r i n g  f o r  a 120 1.M b o i l e r ,  can be seen  i n  Fig.  5. Although t h e  p r e s s u r e  
process r equ i r e s  a l a r g e r ,  more expensive economiser t o  recover  h e a t  below 
?5O0F (4OO0C), t h i s  i s  a s m a l l  cons ide ra t ion  compared wi th  t h e  sav ings  i n  
cos t  f o r  t h e  h igher  a l l o y  tub ing  achieved wi th  f l u i d i s e d  combustion. 

The es t imated  o v e r a l l  sav ings  i n  tgbe s u r f a c e  

Although t h e  h e a t  exchange s u r f a c e  r equ i r ed  i n  f l u i d i s e d  beds 
burning 1/16"-0 coa l  i s  about  h a l f  t h a t  f o r  a coa l  f eed  of 1/4"-0, t h e  tube  
savings thus obtaicec! have t o  be  se t  aga ins t  t he  h igher  containment cos t s  
f o r  t h e  f ive - fo ld  i n c r e a s e  i n  hec! p l an  a r e a  t h a t  would be  needed. 

For b o i l e r s  i n  l a r g e  c e n t r a l  power p l a n t ,  w i th  adkanced steam 
cond i t ions ,  p a r t i c u l a r l y  those  opera ted  under p re s su re ,  the  choice may be 
f o r  t he  f i n e r  coa l  s i z e  because  of t he  msjor sav ings  i n  high temperature 
a l l o y s  t h a t  would accrue. 
hcwever, would need l i t t l e  o r  no h igh  a l l o y  tub ing  s i n c e  advanced steam con- 
d i t i o n s  would seldom De used; f o r  t hese  it is  probable  t h a t  t h e  sav ings  i n  
space and containment c o s t s  would make coarse f u e l  the  l o g i c a l  choice.  

I n d u s t r i a l  b o i l e r s  opera ted  a t  atmospheric p re s su re  

I n  e i t h e r  e v e n t ,  f l u i d  bed combustion can r e s u l t  i n  b i g  sav ings  
i n  tiibing requirements and t h e  compact n a t u r e  of the  tub ing  and of contain- 
ment t h a t  can be  achieved  would f a c i l i t a t e  a maximum amount of f ac to ry  pre- 
f a b r i c a t i o n ,  wi th  consequent sav ings  i n  e r e c t i o n  cos ts .  

Bed Temperature - A t  t h e  temperatures c u r r e n t l y  favoured f o r  f l u i d i s e d  com- 
bus t ion  systems in  t h e  U.K., t h e  vapour p r e s s u r e s  of t h e  a l k a l i  components of  
ash  known t o  p lay  a p a r t  i n  f o u l i n g  and co r ros ion  of h e a t  t r a n s f e r  su r f aces  
a r c  s e v e r a l  o rde r s  of magnitude lower than  a t  ?he temperatures i n  conventional 
combustion systems, and as a r e s u l t  sodium concent ra t ions  i n  t h e  gases  from 
f l u i d  bed combustors are dbOUt 1 ppn, equ iva len t  t o  l e s s  than  1% of t h e  sodium 
content  of t he  f l ie l .  This is  i n  c o n t r a s t  t o  t h e  lOZ that  has  been recorded 
wi th  p . f . - f i r ed  b o i l e r s ,  o r  38% f o r  a cyc lone- f i red  b o i l e r  (Ounsted, 1958). 
The potassium con ten t s  of gases  from f l u i d i s e d  bed combustors are t p p i c a l l y  
less than those  of sodium. 

Combustioa of  r e s i d u a l  o i l  i n  "chemically a c t i v e  beds" can r e s u l t  
i n  a similar dramat ic  reduct ion  i n  t h e  concen t r a t ion  of f o u l i n g  c o n s t i t u e n t s  
i n  t h e  combustion gases ;  d e p o s i t i o n  compounds of sodium, vanadium, and 
su lphur  on superneclters has l ed  t o  e"en grea tbar  r e s t r i c t i o n s  on superhea t  
temperatures f o r  o i l  f i r i n g  than  f o r  coa l  f i r i n g .  
t h e r e f o r e  be  t h e  key t o  t h e  resumption of advances i n  supe rhea t  temperature 
f o r  bo th  coa l  and o i l  f i r i n g ,  and hence t o  r e a l i s i n g  t h e  improvements i n  power 
genera t ing  e f f i c i e n c y  p r e d i c t e d  i n  t h e  p a s t  (e.g. Downs, 1955). 

F lu id i sed  combustion may 

For f l u id i se l l  combustion under ? l e e s u r e ,  the low concen t r a t ion  of 
fou l ing  cons t i t aon tc  i n  the combustion gases  g ives  hope that t h e  gases  can be 
expanded through gas t u r b i n e s  wi thout  l o s s  of performance. 
success fu l  ope ra t ion  o i  s o l i d  f u e l  f i r e d  gas  tu rb ines  has been prevented by 
u l d c  focllno, o r ,  i n  t h e  extreme, by choking of t h e  passagevays through t h e  
b l ade  sys tern. 

I n  t h e  p a s t ,  
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E r o s i o i  of coai - f i i re l  gas Curbines has  a l s o  b e m  a problem i n  =he 
p a s t ,  and from this p o i n t  of viet: icv bed teizperai-ure i s  a l s o  an ad.?anLa;e; 
a sh  particles i r o m  a bed opx-nl-icg a t  ib7O”F (&OO°C) stow EO s i g n s  o f  f u s i o n  
and a r2  similar I n  t ex to-e :  appearance and composition t o  those  produced 
by asliing i n  co i i ren t iona l  1abora to .q  ash ing  €urnnces. I n  Gddition t c  being 
l e s s  ab ras ive  the71 ncrmal p . f .  conbibustor asla, f lu id-bed  a sh  i s  ccarser and 
is  s impler  t o  s e p a r a t e  from t h c  coicbustion gases ;  
reason t o  b e l i e v e  t h a t  turbi i le  b l ade  e r o s i o n  w i l l  no t  be a problem. 

there Ls t h e r e f o r e  good 

I f ,  however, t he  low fou l ing  and e ros ion  p r o p e n s i t i e s  of t h e  gas r s  
could be  sus t a ined  t3 apprec iab ly  h ighe r  bed tempera tures  than  1470°F (8C)O°C), 
a d d i t i o n a l  advantages would accrue ,  e.g.  ( i )  a f u r t h e r  r educ t ion  i n  h c a t  
t r a n s f e r  s u r f a c e ,  ( i i )  h ighe r  gas tu rb ine  , e f f i c i e n c y ,  and ( i i i )  s imp le r  
cond i t ions  f o r  ackiev ing  a h igh  ccnhus t ion  e f f i c i e n c y  when burn ing  t h e  coarsez  
grades  of coa l .  
p r e s s u r i s e d  systems, b u t  z t  t h e  p r e s e n t  s t a t e  of t h e  a r t  i t  would not  b e  
prudent  to  p r e d i c t  t h i s  p o s s i b i l i t y  f o r  p r e s s u r i s e d  s y s t e m ,  p a r t i c u l a r l y  as  
t h e r e  is  ev idence  t o  show t h a t  p a r t i c l e  temperatures can be  apprec i ab ly  
h ighe r  than  t h e  mea= hed temperature.  

Higher bed t enpe ra tu res  may u l t i m a t e l y  be  f e a s i b l e  f o r  non- 

Bed ternperatlire is a l s o  important from t h e  p o i n t  of  view of 
emissinn/rctenti .cn of t h e  oxides  of su lphur  and n i t rogen .  
and thereabouts ,  t h e  concen t r a t ion  of ox ides  of n i t r o g e n  may be  less than  
100 ppm. 

A t  1470°F (80J°C) 
. 

Emission 0: su lphur  as SO2 can be  reduced to  less than  1OX of  t h e  
su lphur  con ten t ‘o f  t h e  coa l  (McLaren and William) by adding l i m e  t o  t h e  bed 
equ iva len t  t o  r a t h e r  less chan twice t h e  s t o i c h i o m e t r i c  q u a n t i t y ;  
reduces emiss ion  of n i t r o g e n  oxides.  

l i m c  a l s o  

There i s  g r e a t e r  t o l e rance  of bed tempera ture  from t h e  p o i n t  of  v i e r  
of su lphur  r e t e n t i o n  (F ig .  6 )  however, t han  t h e r e  is f o r  v o l a t i l i s a t i o n  of 
a l k a l i s .  

3. SOME APPI.II:Ai‘ION$ FOR l%UIDISED COMBUSTION UNDER PRESSURE 

The power gene ra t ion  i n d u s t r y  i s  a major consumer of coal and 
r e s i d u a l  o i l ,  and i n  s p i t e  of compet i t ion  from n u c l e a r  power, i t  would be  
s u r p r i s i n g  i f  throughout tile world f o s s i l  f u e l s  f a i l e d  to  re ta in  the  g r e a t e r  
p a r t  of the power s e n e r a t i n g  market f o r  a t  least ano the r  20 y e a r s .  Most of 
t h e  work on f l u i d i s e d  conkus t ion  has consequently been c a r r i e d  o u t  w i th  t h i s  
i n  mind, and almost 311 o i  t h e  p o t e n t i a l  a p p l i c a t i o n s  of p r e s s u r i s e d  f l u i d  bed 
co&ust ion  d i scussed  h e r e  are concerned w i t h  power genera t ion .  

3.1. Combined Power Cenera t ion  Cycles 

The thermal e f f i c i e n c y  of pobier geneLatioa processes  is mainly 
de t e re ined  by t h e  p r a c c i c a l  l i m i t a t i o n s  on t h e  tempera ture  range  over which 
t h e  work ing . f lu id  conve r t s  h e a t  energy t o  power. 
working f l u i d s  have been s p e c i f i e d  by Meycr and F i s c h e r  (1962) and by R e t i  
(1965), who concluded tha: 1-10 knom f l u i d  possesses  a l l  t h e  r equ i r ed  p r o p e r t i e s .  
Steam, however, has  more of t h e  d e s i r e d  p i o p e r t i e s  t nan  any o t h e r  s i n g l e  f l u i d .  

The p r o p e r t i e s  of i d e a l  

The problems of  i r ic recs ing  the temperature of  h i g h  p r e s s u r e  steam 
ha.ve a l r eady  been mentio:ied. 
p re s su re  s team t u r b i n e  cxhaust teEpera tures  below t h e i r  p r a s e n t  l e v e l s  of  
aromcl 80 - 50’“ o r  25 - 35°C wi thout  r e s o r t i n g  t o  unecononica l iy  l a r g e  
condmsers  and coo l ing  water flows. 
cgnvcnt iona l  cyc lc s  have t h e r e f c r c  rear‘npd t h e i r  l i z i t s ,  p a r t i c u l a r l y  f m  

There is l i t t l e  p rospec t  of reducing  low- 
. . 

The tempera ture  range and effic1er.c). of 



Combined Gas-Steam Cycizs - There a r e  b a s i c a l l y  two t:rpes: 

a. Kxhaust-fired b o i l e r s ,  i n  w;ilch t h e  combustion a i r  t o  a 
more o r  less coixen1:ional b o i l e r  i s  rep laced  by t h e  h o t  
bu t  oxygen r ich  exhaust gas from a gas tu rb ine  power p 1 a . t .  

b. Supercharged b o i l e r s ,  i n  vhich the  b o i l e r  furnace  ope ra t e s  
a t  hi;h p r e s s u r e  and che combustion gases  a r e  expcnded 
through a t u r b i n e  tna+ provides  power to  drive'  t h e  combus- 
t i o n  a i r  conqressor  and an  a d d i t i o n a l  c l t e r n a t o r .  

Both systems have t h e i r  advaca tes ,  and t h e i r  t:iermodynamic and econcmic 
p r i n c i p l e s  have hecn d i scussed  by Se ippe l  and Bercuter (1961) and by Sheldon 
and McKone (1962;. 
t o  provide  a worthwhile improvcmcnt i n  e f f i c i e n c y  and c a p i t a l  c o s t  in-so-far 
as combus t i o n  of coa l  vas ccncerned. and experimental  work 2nd thermodynamic 
s t u d i e s  a t  3CURA have cancen t r a t ed  on t h i s  system. 

T h e  supcrcharged combined c y c l e  appeared t h e  mosi l i k e l y  

An arrangemeat of a supercharged b o i l e r  cyc le ,  based on  a compression 

Cecause t h e  combiistior. a i r  is heated  by compression to  over 5C)OOF 
r a t i o  of 8 : l  and a gas t u r k i n e  e n t r y  tempera ture  of 1380OF (750OC) i s  shorn. i n  
Fig. 7. 
(approx. 25OoC), a l t e r n a t i v e  ways have t o  be found f o r  recover ing  hea t  from t h e  
t u r b i n e  er2ioust. I n  Chc arrangement shown i n  Fig.  7, some of t h e  f eed  h e a t e r s  
of t h e  s t anda rd  120 a' s team cyc le  have been rep laced  by a low i e v e l  economiser. 
Although t h e  redcced e x t r a c t i o n  05 steam f o r  feed  hea t ing  g ives  a poorer s t e a  
tu rb ine  h e a t  rate,  t h e  power 0utpt.t is inc reased  by about 5 NW. The calcu- 
l a t e d  h e a t  r a t e  f o r  such an  arrangemcnt (8580 Btu/kWh) , thcrinal e f f i c i e n c y  
39.8% based on t h e  g r c s s  c - . l o r i f i c  va lue  of t h e  coal) would b e  about 450 Btu/ 
kWh (about 2 percentage  p o i n t s  i n  thermal e f f i c i e n c y )  b e t t e r  than  f o r  a 
convent iona l  steam p l a n t .  

Opera t iox  o w r  a v i d e  l o a d  range  should  b e  f e a s i b l e ,  a f e a t u r e  of  
F a r t i c u l c r  advantage f o r  z i t e s  n o t  se rved  by power d i s t r i b u t i o n  networks. 

T h i s  system, though no t  o f f e r i n g  dranratic improvements i n  e f f i c i e n c y ,  
would providc  a good s t a r t i n g  p o i n t  f o r  i n t rod*-c ing  t h e  power indus t ry  t o  
advanced cyc le s ,  2nd to f l u i d i s z d  combustion 0; c o a l  and r e s i d u a l  o i l .  A 
p a r t i c u l a r  advantaae of  t h e  conki1ied c y c l e  over  pure  gas t u r b i n e  c y c l e s ,  
from t h e  po in t  c f  v i c v  of us ing  Chese f u e l s ,  is t h a t  any C a l l  o f f  i n  tu rb ine  
Dower from depos i t i on  QI- e ros ion  has a much s m a l l e r  e f f e c t  on t h e  output  of 
t h e  whole p l an t .  

Cas - Potassium -_-_ - Steam Cyc1.e - I n  thi.s cyc le ,  potassium would b e  used f o r  
"topping" a c o n w n t i x m l  stenm cyc le  by comblning t h e  f u n c t i o c s  of a potassium 
condenser wi th  those of a s t e e m  b o i l e r ,  supz rhea te r  and r enee te r .  
i s e d  "aid bed combusa r  would ? rovide  a f avourab le  hcn t i cg  system fl jr  

A press*ir-  
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g?ne ra t in#  t h n  pocassiuE v;.;rour, sicce f i r , : s id-  ccr i -os im trould be i PSS than 
w i t n  o t h r  cnivbustion s y s t e m .  
e f2 i c j ency  54.64) have been p r o j e c t e d  by Fra;s (1965j f o r  a sys tem v i t h  
n u c l e a r  h e a t i n g  oE polrassium vzpour eo temperaiu$el; of 1'40% (838OC) a t  
29 p s i a .  
t o g e t h e r  w i th  s t ack - ios ses ,  r e c a l c u l a t i o n  of tho- d c t a  g ives  a h e a t  rate of 
about  7100 Btu/klJh (t i ieimal e f f i c i e n c y  482). Though t h i s  i s  a l a r g e  
improvement ove r  convent iona l  p l a i t ,  I t  might n o t  coinpensate f o r  t h e  
h ighe r  c a p l t a l  c o s t s  l i k e l y  t o  be incu r red ,  acd t h i s  cha l l eng ing  system must 

I awai t  
I t empera tures .  

Fea t  r a c e s  05 6250 fliu]kkIl: ( th r r r?n l  

Taking i n t o  account t h c  currcnfriy ecvisaned  f l u i d  bed t e q e r a t u r e s ;  

t he  next  gene ra t ion  of f l u i d  bed combustors o p e r a t i n g  a t  h ighe r  

Ref r ige ran t  Cycles - The use  of r e f r i g e r a n t s  as "bottoming" f l u i d s  has  been 
sugges ted  by a number of au tho r s  f o r  reducing  Lhe c a p i t a l  c o s t  or  improving 
?he e f f i c i e n c y  of steam cyc le s  (e.g. Aronson, 1961) and gas t u r b i n e  cyc le s  
(Hicks, 1965; Bindon and Carmichael, 1468). Fased on an exhaus t ive  ana lys i s ,  
Eaves and H z d r i l l  (1968) concluded t h a t ,  f o r  U . K .  cond i t ions  wi th  conventionai 
coubustion systems, bo th  c a p i t a l  and o p e r a t i n g  c o s t s  of combined cycles using 
r e f r i g e r a n t s  were u n a t t r a c t i v e .  The s i t u a t i o r ,  might be changed w i t h  
p r e s s u r i s e d  f l u i d  bed combustion; by us ing  l i m e  t o  remove s c l p h u r ,  low s t a c k  
temperatures g i v h g  h ighe r  e f f i c i e n c i e s  would b e  p o s s i b l e . w i t h o u t  r i s k  of 
low-temperature co r ros ion .  

I 

3.2. ,Pure Gas Turbine  Cycles 

P res su r i sed  f l u i d  bed combustion p o t e n t i a l l y  conve r t s  "d i r ty"  bels 
t o  acceptab ly  "clean" f u e l s .  I n  a d d i t i o n  t o  i ts  a p p l i c a t i o n  t o  combined 
cyc le  power p l a n t ,  t h e r e f o r e ,  it has a t t r a c t i o n s  f o r  coa l  c r . r e s i d u a 1  o i l  
f i r i n g  of  pure  gas t u r b i n e  cyc le s  which a t p r e s e n t  need c l e a n  f u e l g ,  nuc lea r  
energy o r  l a r g e  c o s t l y  a i r  heaters. 

Simple Open Cycles - 
loss  than  combined c y c l e  p l a n t .  Attempts t o  develop d i r e c t l y - f i r e d  coal-  
burn ing  gas tu rb ines  ove r  t h e  p a s t  two decades (Cox, 1951; Rozcnberg, 1962; 
Wisdom, 1964; Nabors, Strimbeck, C a r g i l l  and Smith, 1965; Smith,  Strimbeck, 
Coates and McGee, 1966) have  been b e s e t  w i t h  d i f f i c u l t i e s  of b l a d e  e r o s i o n  
and f o u l i n g  by ash; 
combustion. Simple open c y c l e s  are c h a r a c t e r i s e d  by h igh  a i r / f u e l  r a t i o s ,  
and to  avoid excess ive  f l u i d  bed c ross  s e c t i o n s ,  most of t h e  excess  a i r  would 
need t o  be i n d i r e c t l y  hea ted  i n  tubes immersed i n  the bed (Fig. 8). Although 
f l u i d i s e d  combustion may s u c c e s s f u l l y  overcome t h e  main p r o b l e m  t h a t  have 
prevented s u c c e s s f u l  f i r i n g  of t u rb ines  by c o a i  and r e s l d u a l  o i l  t h e  number of 
a p p l i c a t i o n s  whore t h e  a d d i t i o n a l  c o s t  of t h e  combustion sys tem would be 
j u s t i f i e d  may b r  l imi t ed .  

Semi-closed Cycles - These are c h a r a c t e r i s e d  by having a high-pressure  closed 
c i r c u i t ,  us ing  r e l a t i v e l y  s m a l l ,  cheap turbomachinery, w i t h  a b leed  of  a i r  
o r  gas t o  an open cyc le  gas t u r b i n e  o p e r a t i n g  a t  l o w e r  ? r e s su re .  They have 
good s t a r t - u p  and port-locd c h a r a c t e r i s t i c s ,  acd b e t t e r  h e a t  rate (e .g .  
10700 Btu/kWh or 322 e f f i c i e n c y )  than  s imple  open c y c l e  p l a n t ,  (Gasparovic,  
1967) bu t  t h e i r  . x i n  p o t e n t i a l i t y  is  i n  t h e  f i e l d  of  peak-load power genera- 
t i on .  P r e s s u r i s e d  f l u i d  bed cumbustion could be  used i n  semi-closed cyc les  
i n  a number of ways ~ h i c h  can b e  ca t egor i sed  as : 

These a r e  more s u s c e p t i b l e  to the e f f e c t s  of p r e s s u r e  

these  d i f f i c u l t i e s  should be minimiked by f l u i d i s e d  

(a) Cycles w i t h  d i r e c t  f i r i n g  of the c losed  c i r c u i t  (Fig.  9) 

(5) Cycizs w i t h  i n d i r e c t  hea t ing  of t h e  c l o s e a  c i r c u i t  and 
d i r e c t  hea t ing  of t h e  spen c i r c u i t  (Fig. 10) 
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C l o s e ?  C;rc:-qc - Sever31 p. C.-firn-c c losed ci.;- :;:c:.c $,lanes have beell c m -  
si:ruc'ied (1;Lllcr n : d  Cae'i l ,?r ,  1961 ; .'\,IC:. :.96?). 1.n sone of  t h c s e ,  chrt 
,,e.l+- re;e,:tcd by t h e  2i.r L.cic,rc recrq-cerzjcm ha: i-sctd f o r  uork-. o r  d i s t r i c ?  
: t - : t t l n y ,  givinc. high kea: i : t l l j .zatiol;  e f f ic ie - .cy .  Thz a i r  h e a t e r s  w c r e  
: o q e  a,id cost1.y (Bamwrt znJ I'<;.C!::~, !.966). 
wi.th pr6s::xri:;cd f l u i d  bcd con!!iisti.c.n :or Ileatin:: t h e  a i r  a d  genera t  is;: 
ndditi.cmiil power (Fig.  11). Heiicni is a b e t t e r  c1.nsr.d c y c l e  f l u i d  th511 ;lir 

bvcause of i t s  h i g h e r  s p e c i f i c  be:: :I:;? r e t i o  of- s p c c i f i c  h e a t s  a', constexit 
p r e s s u r e  and volume, i t s  lower r.io:cc;iI 31' vmi.ght, i t s  h igher  thermal. co:iduct- 
i v i t y  and i t s  chemical  i n e r t n e s s .  
c y c l e  p l a n t  i . s  being  consc-curtcd a t  Gerschacht ,  b'. Gcrziany (Keller and 
Schm?'dt, 1967). Its h e o t  rate of 522C 3tu/k!lh (57% thermal  e f f i c i e n c y )  w i t h  
a hel ium t u r b i n e  e n t r y  temperature  of' 135d°F (73O"C), cosrld probably bc~ 
c l o s e l y  matched i f  thc nuclear i leat  source  were rep laced  by a p r e s s u r i s e d  
f l u i d  bcd conlbustor. 

. .  
X.lajcr sav ings  shoslci be possihic 

!h 5 Xi nilclear  hezzed he.1iu.n clased. 

A i r  S torage  - F l u i d i s e d  combustion under pressi t re  w o u i d  b e  a s u i t a t l o  mean-, 
f o r  f i r i n g  a i r  s t o r a g e  power schzmes (Sca.1-Lava11 f o r  y a k  load  power pro- 
ductior-. The arrangcmcnt voul t i  b e  a s  slio-m i n  Fig. 12. Air, conrprcssed t o  
appro". GOO p s i a  us ing  off-peak e l ec t r i ca l  puwcr, would be s t o 7 c d  i n  a stib- 
te r ranenn cavern under a c o n s t a n t  head provided by a lake, r e s e r v o i r  o r  sea. 
Peak power would be genera ted  by an i n d i r e c t l y  i ica t rd  gas t u r b i n e  fol lowed 
by a d; rec t ly  f i r e d  gas t u r b i n e  system, w i t h  a hext consumption of 4350 E t u i  
kWb (thermal ef Ciciency 79%) 

_____ 

3.3 .  Continuous Reforming of Hydrocarhons 

Reforming of l i q u i d  and gaseous hydrocarhons is a major feature, of  
processes  f o r  making ammonia, e thylene  and town gas. 'Reforming' is  probably 
n misnomer because, as i s  well known, t h e  process  tak ing  p l a c e  i n  t h e  hea ted  
tubes  of a continuous reforming u n i t  i s  l a r g e l y  c a t a l y s r d  thermai decomposi- 
t i o n  o f  higheii hydrocarbons t o  a mixi ure  of  l o v e r  hydrocarbons,  carbon ax ldes  
and hydrogen. 
t h e  temperatures and p r e s s u r e s  t h a t  a r e  used. 

The re la t ive  prop3r t ions  of  t h e  gases produced depend u p o i ~  

The e q u i l i b r i u m  temperatures  g e n e r a l l y  range from l%OO°F (650OC) 
fo r  manufacture nf town gas  t o  over  1800'F (lOOO°C) f o r  product ion  of ammonla 
synLhcsis  gas and hydrogen. Tube w a l l  temperatures  requi red  i n  reformer 
u n i t s ,  which could b e  h e a t e d  by f luLdised combus t i o n  furnaces ,  would t h e r c f o r e  
b e  i n  t h e  r m g e  i400°F (750'C) to 2COO"P (llOO°C). 

The reforming i q u i l l b r i a  are favoured by o p e r a t i n g  at  high p r e s s u r e ;  
M e t a l l u r g i c a l  sonsiderc-  f o r  example, the y i e l d  of methane can  b e  increased .  

t i o n s  arc of  maj.>r importance i n  des ign  Gf t h e  p l a i t ,  s ince  a t  t h e  p r e s s u r e s  
(up t o  600 psi)  and tempera tures  used the  tube metal creeps.  By o p e r a t i n g  
a fl.uj.dised combusti.on f u r n a c e  ucder  pressure ,  t b e  p r e s s u r e  d i f f e r e n c e  across  
t h e  tube  w a l l s  could b e  reduced o r  el iminated.  C a p i t a l  c o s t s  could the teby  
b e  reduced becauge thinner-wal led tuh ing  cculd  be used, the m n t e r i a l s  be ing  
chosen mainly wi,h regard  t o  r e s i s t a n c e  t o  cor ros ion .  Maintenance c o s t e  couid 
a l s o  b e  lowered, s i n c e  t h e  r e d u c t i o n  i n  c r e e p  would g i v e  a l a r g e  (e.g. t.enfold) 
i n c r e a s e  i n  tube l i f e .  

4. DEVELOPMENT OF THE CObIBUSTION SYSTEM_ -- 
I n  a system t h a t  haa so many p o t e a t i a l  advantag:?s aver o t h e r  com- 

b u s t i o n  systems fOK c o a l  and r e s i d u a l  o i l  tl1s-e a r e  i n e v i t a b l y  s G m c  p o b h f f i .  
Wr do n c t  know of any t h 2 t  arc 1ib.clj t o  he  unsc lvable ,  b.Jt an apprec iab le  
dmount of development work has hben dono, and more may be leetied to rrnrure 
t h a t  the s u l u t i o n s  do pot dcLrar . t  s i g n i f i c a n t l y  from the savings  in cost  Lh;? 
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t h e  b c n e f l t s  of t i e  systkm sl;n.;ld brir.g. 

A n a j c r  re.-?arch e f f o r t  is i n  p rogres s  a t  t h e  Leatherhead rene3rch 
1.sboratories 0 6  WIJPL, . m d  tlie Chel.';cnham resea rch  labora tox  ies of t h e  NCR, 
aimed a t  p rcv ing  the  ' v j r t u e s '  and over,-.oming t h e  p o t e n t i a l  'vicesf. The 
p i l o t - s c a l e  e q c i p r r x t  i nc ludes  (a) a p rossu r i sed  combus Lor w i t h  a bfd a r e a  
of 8 f t 2  capable of burning 5CO l b / h  of i/16"-0 coa l  a t  5 a t m  p r e s s u r e ,  
(E'ig. 13); (b) a b o i l e r  wi th  a bed a re2  of 12 f t 2  capable  of burning 
1200 l h / h  cjf 4'l-O coal  a t  atmospheric p re s su re ;  and ( c )  t h r e e  o t h e r  p l l o t -  
sccle corrbsstors capable  of c a r r y k g  out  long term ( e . g .  1000 h) t es t  
programmes. 

4.1. The Programm 

These reaehrch  programmes inc lude  i n  t h e i r  ob jec t iv - s :  
( a )  min in is ing  t h e  nunber c f  coa l  i n j e c t i o n  p o i n t s  needed t o  o b t a i n  good 
d i s t r i b u t i o n  wi thout  the  need f o r  excess ive ly  deep beds.  
h igh  p res su re  l o s s ,  and t h e  l a r g e r  t h e  number of coa l  i n j e c t i o n  p o i n t s  t he  
more expensive is  t h e  d i s t r i b u t i o n  system; 
(b) evolv ing  t h e  optimum mesns f o r  r e c y c l i n g  incompletely burned p a r t i c l e s  
so as  t o  o b t a i n  a h igh  combustion e f f i c i e n c y .  The des ign  o f  t h e  space  
above t h e  bed is  also important from t h i s  po in t  of view; 
(c)  explor ing  means f o r  improving d a s t  c o l l e c t o r  performance. Two s t a g e s  . 
of dus t  c o l l e c t o r s  a r e  used on  t h e  p i l o t - s c a l e  p r e s s u r i s e d  combustor. The 
cleaned gases con ta in  only a small p ropor t ion  o r  p a r t i c l e s  l a r g e r  t han  10 pm, 
and t h e  concentraLion of d u s t  pass ing  ove r  t h e  cascade downstream of t h e - d u s t  
c o l l e c t o r s  i s  much lower than f o r  prev ious  s o l i d  f u e l  f i r e d  gas t u r b i n e s .  
Although the  p r e s s u r e  l o s s  over  t h e  c leaning  system i s  accep tab le ,  lower 
p re s su re  l o s s  i s  d e s i r a b l e ;  
(d) e s t a b l i s h i n g  t h e  b e s t  procedures f o r  p a r t  load  opera t ion .  Opera t ing  
over a wide load  range i l l  a system i n  which the  main f a c t o r  that  c o n t r o l s  
h e a t  abso rp t ion ,  namely bed temperature,  can on ly  be  v a r i e d  ove r  a s m a l l  
range p resen t s  a c e r t a i n  amount of d i f f i c u l t y .  Two main methods have been 
followed ( i )  t o  s top  f l u i d i s i n g  p a r t s  of t h e  bed ( i . e .  t o  compartment t h e  
bed) and ( i i )  t o  expose p a r t  of t h e  tub ing  t o  gas  from t h e  bed by a l t e r i n g  
bed l e v e l  (hea t  t r a n s f e r  c o e f f i c i e n c s  t o  tubes  i n  t h e  bed are s e v e r a l  times 
those  to tubes above the  b e i ) .  

Deep beds e n t a i l  

Operation Over a wide load range i n  t h e  combined c y c l e  w i l l  r e q u i r e  
some c a r e  i n  matching combustion and h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  
f l u i d  bed t o  t h e  p r e s s u r e ,  temperature and mass flow c h a r a c t e r i s t i c s  of  
t h e  gag tu rb ine .  
i n d u s t r i a l  gas gene ra to r  and Fig.  15 shows the c a l c u l a t e d  e f f e c t s  on air- 
f u e l  r a t i o s  ( o v e r a l l  and i n  t h e  bed) of  fo l lowing  one method of l oad  c o n t r o l .  
Achieving t h i s  should n o t  involve  an excess ive ly  expensive c o n t r o l  system. 

F ig .  14 shows t h e  par t - load  c h a r a c t e r i s t i c s  of a t y p i c a l  

A n  expanding p a r t  o f  t h e  programme involves  a comprehensive series 
of i n v e s t i g a t i o n s  t o  opi i in i se  o p e r a t i n g  cond i t ions  wi th  a d d i t i o n s  of l ime 
( a s  l imestone o r  dolomite) t o  t h e  bed t o  reduce atmospheric p o l l u t i o n  by 
su lphur  and n i t r o g s n  oxides.  
A i r  P o l l u t i o n  Cont ro l  Assoc ia t ion  provides  f o r  a f u l l  exchange of informatioi .  
on these  and o t h e r  aspects of t he  r e sea rch  programme. 

An agreement between t h e  NCS and t h e  Nat iona l  

4.2 The S t a t e  of t h e  A r t  

The p i i b t - s c a l e  p r e s s u r e  combustor has  been ope ra t ed  s u c c e s s f u l l v  
f o r  s e v e r a l  hundred hours.  Combustion e f f i c i e n c i e s  of  99% be  achieved. 
and few ope ra t ing  d i f i i c u l t i e s  have been experienced w i t h  t h e  f l u i d  bed. 
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f l ca t  t rn t i s f e r  races t o  tub,.s ii; tile :;?a .:I3 s i a i l a r  t o  t h x c  cxpcctec! frcr.? 
t e s t s  a t  ;:tlnubphcric. oressue.  'he coin5ust icr ,  ggses c t  ayprox. 1400"F 
(7sCoc) iiave 'Jeer, pzssed ovei' 2.w Gosj.xiis c5 .r,,:>tic tu ib i .ne  klzdc c a s c a h ;  
t h a t  c u r r z n t l y  i n  usc i s  G scgr.sn'; :rm the f i r s t  s t a g ?  *"tor xoh' of a 
marine v.?rsiol~ of an a e r o  ecginP. 
and tile leav ing  v e l o c i t y  about 1SOoO ft/s. 
a t a r g e t  t ube  downstrcam of t t e n  hxt; occui-rcd. Vcr:. l i t t l e  zsh has depos i ted  
on t ~ i c  silr.?acc.s, an? deposi t ;  t h z t  have f o r m 2  c m  be  z a s i l y  reno..-eci by 'on 
l i n e '  c lcaning  method; c.o~i.lcilly u s e d  f o r  gas  tur:,irc c o q n e s s o r s .  

Trw approcch -1?1c:c;tjj is abozt 400 ft/s 
hc crosi.on of t h c  bladc;, o r  01 

There 5.s cause for. cag t lous  optimism as t o  the  t echn ica l  succcss of 
t h e  process .  The nexC s t a g e  of proving t h i s  i n v o l v ~ s  long term running of 
a gas t u r b i n e  on gases  from c7 f l i i i d i scd  combustor. This  x i l l  he an expensive 

process  can be  j u s t i f i d  economicslly. 
F r o j e c t  and one of mar.y prc-requisites i s  for rles$gil studies to  show t h a t  t h e  I 

The s i z e  and t h e  c h a r a c t e r i s t i c s  of ;he gas turLines  1.ikely t o  be 
a v a i l a b l e  i n  t h e  next  5 - 10 yea r s  cos ld  h e  a d s m h a n t  f a c t o r ,  b e c m s e  the  
c o s t  of developing t u r b i n e s  s p e c i a l l y  f o r  t h e  FrDcess v o a l d  be ?rnhibit j .ve.  
High p res su rc  r a t i o s  (e.g.  15 : l), good p a r t  l oad  cha rac ' i c r i s t i c s ,  3nd a i r  
mass f lows  of  300 l b / s  upwards a r e  a m n g s t  t h e  f ea t i l r e s  desi .red.  
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Fig. 1. Minimum fluidising velocity : effect of pressure. 
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Fig.3. Comparison of boiler size : pressurised 
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Econo m i ser 

Fig.7. 140 M W  Gas- steam turbine system 
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PROCESSING COAL FOR POWER GENERATION BY MHD 

N. P. Cochran 

U. S. Department of Interior 
Office of Coal Research 

Processes for gasifying and/or pyrolyzing coal to 

produce superior fuels for power generation by MHD are presented. 

Also several energy complexes where MHD power generation is 

mated with the conversion of coal to synthetic crude oil and 

high Btu gas are described. 
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Advanced-Cycle Paver Systems Ut i l iz ing  Desulfurized Fuels 

F. L. Robson 
A .  i. Giramonti 

United Aircraf t  Research Laboratories 
East Hartford,  Connecticut 

INTRQDUCTION 

The e l e c t r i c  u t i l i t y  industry i n  t h e  United S t a t e s  current ly  contr ibutes  
approximately 50% of the nearly 30 million tons per  year of s u l f u r  oxides emitted 
i n t o  the  atmosphere (Ref. 1). Since t h e  t o t a l  i n s t a l l e d  capacity of e l e c t r i c  
u t i l i t i e s  i s  projectea t o  double each decade, (Ref. 2) the amount of Sulfur Oxides 
emitted i n t o  the  atmosphere i n  future  years could exceed projected standards i n  
some sect ions of the country unless su i t ab le  methods a r e  developed t o  control  
su l fu r  oxide emissions. 
gas t o  cleanup of f u e l  before combustion, have been proposed f o r  control l ing su l fu r  
oxide emissions from paver plants .  Although many s tack  gas cleaning methcds’are 
technical ly  feasible ,  most of them a r e  expensive and have not demonstrated r e l i a b l e  
operation i n  commercial service.  The a l t e r n a t i v e  approach, involving removal of 
s u l f u r  from f u e l  before combustion, looks most promising as a long-range so lu t ion  
f o r  control l ing su l fu r  oxide pol lut ion from fossi l - fueled cen t r a l  power s t a t ions  
(Ref. 3) .  

~ 

Many processes, ranging from cleanup of t h e  stack 

The removal of s u l f u r  from f o s s i l  f u e l s  before combustion can be a d i f f i c u l t  
task,  and the resu l t ing  f u e l  del ivered to  t h e  power system is c e r t a i n  t o  cos t  more 
than the  r a w  f u e l  which serves as feedstock. I n  order t o  evaluate the  technical  
and economic f e a s i b i l i t y  of f u e l  desulfur izat ion processes as an a l t e r n a t i v e  t o  
s tack gas desulfur izat ion,  it i s  necessary t o  reappraise the t r a d i t i o n a l  methods 
of e l e c t r i c  power generation and t o  evaluate advanced power systems which may be 
capable of operating a t  higher e f f ic ienc ies  than conventional steam systems. 
Research Laboratories of United Aircraf t  Corporation, under contract  t o  t h e  
National A i r  Pol lut ion Control Administration+, a r e  current ly  invest igat ing the 
technical  and economic f e a s i b i l i t y  of desulfur iz ing coal and res idua l  o i l  and the  
u t i l i z a t i o n  of these desulfurized f u e l s  i n  advanced-cycle power systems. 
paper descr ibes  t h e  r e s u l t s  of cycle analysis  of various advanced power systems 
including preliminary est imates  f o r  t he  cost  of generating power with these 
systems and ind ica t e s  t he  benefi ts  that may arise tkrough t h e  u s e  of desulfurized 
fue l s .  

The 

This 

* Contract No. CPA 22-69-114 
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FUEL PROCESSING 

While t h i s  paper dea ls  exc lus ive lywi th  the  preliminary results of a study 
on advanced-cycle power systems, it i s  appropriate t o  'discuss briefly a t  t h i s  
t i m e  the  type of f u e l  used i n  t h i s  invest igat ion.  
emission control standards, the su l fu r  contained i n  coa l  or res idua l  o i l  must 
be s igni f icant ly  reduced or removed al together .  One method of obtaining a low- 
s u l f u r  fuel i s  through the partial oxidation of coal  with steam and air at high 
temperature and pressure.  

t h e  su l fur  cMnpounds. Since the gas i f ica t ion  processes and desulfurization 
techniques of i n t e re s t  would typ ica l ly  operate at elevated pressures,  a high- 
pressure f u e l  gas having a heat ing value of 150 t o  200 B t u / f t 3  at standard 
conditions would result. 
w i t h  t he  power systems t o  be discussed, and therefore  t h i s  type of f u e l  w a s  
assumed i n  a l l  the  systems invest igated.  

In  order  t o  meet su l fu r  oxide 

The product gas f r o m  t h i s  p rocess ,wi th  su l fur  now 
i n  t h e  form of H2S and COS i s  then sent t o  a desulfur izat ion uni t  which removes I 

Such a fuel gas has a number of advantages i n  combination 

Preliminary estimates of the cost  of p o t e n t i d l y  a t t r a c t i v e  gas i f ica t ion  
processes have indicated that a clean, desulfurized f u e l  could be del ivered t o  a 
mine-mouth powerplant for a cost which is  25% t o  5 6  grea te r  than the cost  of the 
raw fue l .  

I 

ADVANCED-CYCIi3 PCWER SYS'BKS 

IIhe spec i f i c  types of advanced-cycle pmer  systems invest igated a re  shown i n  
Table &and can be grouped i n t o  two generic c lass i f ica t ions :  external-combustion 
parer systems in w h i c h  boilers or  heaters a r e  used t o  heat  the working f lu id ,  a d  
internal-combustion power systems in  which the products of combustion cons t i tu te  
the working f l u i d .  
using the  conventional steam cycle, binary cycles u t i l i z i n g  steam and other working 
f lu ids ,  and cycles such as the closed-cycle gas turb ine  i n  which the working f luid 
i s  heated i n  a gas heater. The in te rna l -cmbust im systems s tudied were essent ia l ly  
based on variat ions of the  gas turbine cycle and included consideration of paver 
systems using the  combined gas and steam (COGAS) turbine cycles.  The invest igat ions 
were based on present-day pmer  system technology, although possibly not ye t  reduced 
t o  commercial practice,  as w e l l  as technology judged t o  become commercially ava i lab le  

The external-combustion systems invest igated include those 

1 
1 

i n  the 1980 and 19% decades. I 

Steam Systems 

Conventional steam paver systems were included i n  the inves t iga t ion  t o  provide 
Performance estimates predicted 

It is  
a basis of comparison for all other  power systems. 
for projected future conventional steam pmer  systems are given i n  Bble 11. 
apparent from this t ab le  that t h e  ove ra l l  s t a t i o n  e f f i c i enc ie s  for these systems are 
not  projected t o  increase subs tan t ia l ly  i n  the t i m e  span considered, because technol- 
ogy available for use i n  steam power s ta t ions  has reached a plateau. 
minor increases i n  s t a t i o n  efficiency w i l l  be possible  due t o  s l i g h t  increases i n  
the  in t e rna l  e f f ic ienc ies  of turbcgenerators and boilers ,  bu t  subs tan t ia l  increases 
in eff ic iency due t o  improved cycle  conditions a r e  n o t  foreseen, s ince any increase 
i n  cycle temperature and pressure would r e s u l t  i n  a very marked increase i n  system 
c a p i t a l  costs .  

Relatively 

Thus, no s igni f icant  increase i n  c o n v e n t i d  steam paver s t a t i o n  
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thermal eff ic iency i s  foreseen t o  of fse t  the  i,ncreased costs  projected f o r  fu ture  
desulfurized fue l s .  

Binary Cycles 

The basic  steam pmer  s t a t i o n  may be  modified by the addi t ion  of  a binary cycle 
t o  either increase i t s  efficiency or decrease i t s  c a p i t a l  cost ,  both with t h e  goal 
of maintaining or reducing t h e  cost  of parer .  One method which has been suggested 
(see Ref. 4, f o r  example) f o r  reducing t h e  c a p i t a l  cos t  of power Stations is  t o  Stop 
the steam expansion at approximately 35 psia ,  el iminate the relatively expensive low- 

- pressure sect ions of t h e  steam turbine,  and incorporate an ammonia o r  fluorocarbon 

c a p i t a l  cost  of the bottoming system would be l e s s  than f o r  t h e  steam equipment i t  
replaces.  A temperature-entropy diagram f o r  a 3500 psig/lOOO F/1000 F steam cycle 
with an ammonia bottoming cycle i s  depicted i n  Fig.  1. The ef f ic iency  of a power 
s t a t i o n  incorporating t h i s  type of a bottoming cycle would be subs tan t ia l ly  less 
than that of a 3500 Psig/lOOO F/1000 F steam s ta t ion ,  i .e . ,  approximately 35.7% 
compared t o  3 8 . 6 ,  because of t h e  i r r e v e r s i b l e  hea t  transfer between steam and 
ammonia, and because it i s  estimated that t h e  ammonia turbine would be  capable of 
a t t a i n i n g  a s l i g h t l y  lower i sen t ropic  e f f ic iency  than the sec t ion  of the steam 
turbine which i t  would replace.  Analysis has  shown that t h e  increased f u e l  con- . 
sumption due t o  reduced cycle eff ic iency would more than o f f s e t  any system c a p i t a l  
cost  reductions tha t  m i g h t  be an t ic ipa ted  with a bottoming cycle. In f a c t ,  when 
account i s  taken of various c a p i t a l  cost  pena l t ies  associated with t h e  use of f l u i d s  
other than steam, such as t h e  need t o  employ welded construction t o  minimize leakage, 
the  t o t a l  c a p i t a l  cost  of a bottoming cycle  would not  be s i g n i f i c a n t l y  d i f f e r e n t  than 
t h e  cos t  of t h e  conventional steam equipment it would replace.  

1 bottoming cycle which would operate a t  r e l a t i v e l y  high pressure. Supposedly, the 

A method which has been suggested f o r  increasing the performance of t h e  parer 
s t a t i o n s  is t o  use a high-temperature topping cycle which would r e j e c t  i t s  hea t  i n  
a steam boi le r .  Previous s tud ies  (Refs. 5 and 6 ) of this type of cycle have ind i -  
cated that potassium would be t h e  best topping-cycle working f l u i d .  
eliminate the  upper l i m i t  of system performance, the potassium topping cycle  shown 
i n  Fig.  2 was analyzed. ‘Ihe potassium would be pumped t o  i t s  h ighes t  pressure of 
only 152 psia,  heated t o  2000 F by combustion gases, expanded through a turbine 
equipped with moisture separators  t o  keep the moisture content of t h e  potassium 
from exceeding l2$, and f i n a l l y  exhausted i n t o  a steam hea ter  wherein the potassium 
would be  condensed. 
3500 psig/lOOO F/1000 F steam cycle, a binary cycle eff ic iency of 58.8$ would r e s u l t .  
The overa l l  s t a t i o n  efficiency, taking i n t o  account such f a c t o r s  as b o i l e r  losses,  
generator  e f f ic ienc ies ,  and pump losses ,  would be 5 O . q .  This value i s  m o r e  than 
10 points  higher than t h e  eff ic iency of t h e  b e s t  present-day steam plant .  As i n  
t h e  case of the bottoming cycles, the cos t  of t h e  system equipment would be penal- 
i zed  i n  comparison with conventional steam systems because of t h e  necess i ty  t o  elim- 
inate leakage of the  working f l u i d  and a l so  t o  provide safe ty  equipment t o  minimize 
t h e  poten t ia l  e f fec ts  of a potassium-water react ion.  
requi re  very cost ly  materials f o r  construction. 
f o r  this system of over $200/kw is s igni f icant ly  higher than t h a t  f o r  conventional 
p lan ts ,  and it i s  estimated that t h e  t o t a l  cos t  of producing e lectr ic i ty  would n o t  
b e  reduced r e l a t i v e  t o  the  cos t  w i t h  conventional steam s t a t i o n s .  
p’r’oblems associated with t h e  successful development of potassium turbines  of severa l  

In  order t o  

If such a potassium cycle were used i n  conjunction w i t h  a 

~ 

Also, the  h e a t  exchangers 
n u s ,  the estimated c a p i t a l  cos t  

Furthermore, the 
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hundred megawatts capacity are very complex. 

Closed-Cycle Systems 

A second group of external-combustion cycles i s  formed by what could be cal led 
closed-cycle gas turbine systems. me systems investigated included a t rue  Brayton- 
cycle system u t i l i z ing  helium as the  working f lu id ,  a supe rc r i t i ca l  Rankine-cycle 
system u t i l i z ing  CO, as  the working f l u i d ,  and a combination Rankine and Brayton- 
cycle system ut i l iz ing  SO, as the  working f l u i d .  

' 

Several cycle configurations involving the  use of intercooling, regeneration, 
and reheating were studied. Considerations of advanced mater ia ls  su i t ab le  f o r  use 
i n  the f lu id  heaters indicated that tube w a l l  temperatures would have t o  be re- 
s t r i c t e d  t o  1800 F o r  below i f  m acceptable equipment l i fe t ime of at least 100,000 
h r  w e r e  t o  be obtained. Thus, it w a s  decided t h a t  the maxi- working f l u i d  tem- 
perature would be l imited t o  1600 F, and cycle evaluations and equipment s iz ing 
were performed fo r  t h i s  value.  A second temperature l eve l  of I200 F a t  which ad- 
vanced, but current ly  ava i lab le ,  materials could be used was a l s o  selected f o r  
evaluation. 
levels ,  the tradeoff between cycle eff ic iency and equipment cap i t a l  cost  could be 
e s t i m t e d .  

Fiy inves t iga t ing  a number of configurations for'  these two temperature 

H e l i u m  closed-cycle gas  turbine systems have been the  subject  of widespread 
i n t e r e s t  (e.g., Refs. 7, 8, and 9) because of the  poten t ia l ly  high cycle thermai 
ef f ic ienc ies  such as those shown i n  Fig.  3. The e f f i c i enc ie s  shown are f o r  a cycle 
having one intercooler  and a 9% ef fec t ive  regenerator.  For t h e  1 6 0 0 - ~  temperature 
l i m i t ,  the eff ic iency would be approximtely 47$, and a t  the  EOO-F  level ,  approx- 
imately 44$. 
configuration, and the  system se lec ted  f o r  fur ther  evaluation a t  1600 F would u s e  
two intercoolers  and a 9@ e f fec t ive  regenerator t o  give an estimated 48.55 cycle 
eff ic iency.  
an estimated installed cos t  of $170/kw. 

This e f f ic iency  can be increased somewhat by going t o  a d i f fe ren t  

The resu l t ing  power s t a t i o n  would have a n e t  eff ic iency o f  41$ w i t h  

'Ihe use of COz as a working f l u i d  has been invest igated a number of times, 
Refs. 9 and10 being prime examples. 
CO, cannot be used i n  a Rankine cycle since the minimum cycle temperature allowed 
by the  avai lable  cooling water is  approximately 100 F. A t yp ica l  cycle  using CO, 
is shown i n  Fig.  4 i n  which i t  is  seen tha t  t h e  flaw would be s p l i t  i n to  two S t r e a m S ,  

one being compressed i n  a gas compressor and the other  being cooled t o  supe rc r i t i ca l  
l i qu id  and then pumped up t o  maximum cycle pressure. A configuration such as this 
reduces the  t o t a l  compressor work required and would a l s o  allai the use of extensive 
regneration. lbe configuration of Fig.  4 would result i n  an overall s t a t i o n  e f f i -  
ciency of 39$ at an estimated c a p i t a l  cost of about $2OO/kw. 

Because of i ts  l a w  c r i t i c a l  temperature, 88.7 F, 

The f i n a l  working f l u i d  considered f o r  the external-combustion cycles was SG. 
While this f lu id  is  toxic,  it does exhibi t  other propert ies  which mke it an i n t e r -  
es t ing  f lu id  for Power systems (Ref. 11). 
thus, a condensing cycle  can be considered. 
is  s h a m  i n  Fig.  5.  
one compressed as a gas, t h e  second ccndensed t o  the  l i qu id  s t a t e  and pumped t o  
maximum cycle  pressure. 

The c r i t i c a l  temperature of SO, i s  315 F; 
The ~ ~ O O - F  cycle selected f o r  evaluation 

Like t h e  CO, cycle, the  f l o w  would be s p l i t  i n to  two streams: 

Ety u t i l i z i n g  a reheat  cycle  and a 9 . 5 $  ef fec t ive  regen- 
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era tor ,  t h i s  cycle would exhib i t  an eff ic iency of nearly 5%. 
eff ic iency Would be about 51% w i t h  an ins t a l l ed  cost  estimated t o  be $227/kW, an 
appreciable portion of which can be a t t r i bu ted  t o  the. very la rge  regenerator.  

!the overa l l  s t a t ion  
1 

!thus, a number of var ia t ions of external-combustion cycles have been inves t i -  
gated with the in ten t  of increasing e f f ic ienc ies  or decreasing c a p i t a l  cost  i n  order 
t o  o f f se t  t he  poten t ia l  increase i n  f u e l  cos t  which would r e s u l t  from using desul- 
fur ized fue l .  
marized i n  Fig.  6 i n  which the  estimated generating cost  i n  mills per kilowatt  hour 
f o r  each system i s  compared with t h a t  of a conventional steam system. 

present-day untreated res idua l  f u e l  o i l ,  and 5O+/million Btu, a pr ice  projected f o r  
typ ica l  fu ture  desulfurized fue ls .  
of the cycles discussed thus far demonstrate cost  advantage over t h e  conventional 
steam system. 

!the poten t ia l  power costs  for systems using these cycles a r e  sum- 

!the generating 
~ costs  a r e  given f o r  two f u e l  costs, gO+/million Btu, which is  a typ ica l  pr ice  of 

, IIhe r e s u l t s  presented i n  Fig.  6 show that none 

G a s  G b i n e  Systems 

The second generic  group of pmer  systems considered f o r  use i n  cen t r a l  s ta t ions  
consis ts  of i n t e rna l  combustion systems i n  which the products of combustion consti-  
t u t e  the working f l u i d .  Contrary t o  the  case f o r  conventional steam systems i n  ' 

which no s igni f icant  improvement i n  p e r f o m n c e  i s  foreseen during t h e  t i m e  period 
of i n t e re s t ,  i ndus t r i a l  gas turbine technology i s  projected t o  continually improve 
during the  next several  decades, p r i m r i l y  because of f a l l o u t  from advanced a i r c r a f t  
development programs (Refs. 12, 13, and 14) .  
nology i n  la rge  industr ia l - type gas turbines  could then give r i s e  t o  performance 
benef i t s  that would allow these engines t o  become competitive w i t h  steam pmer 

The use of a i r c r a f t - g a s  turbine tech- 

systems. 

I Figure 7 lists some aspects of gas turbine technology f o r  the  three  time periods 
I under consideration. Ihe projections shmn i n  Fig.  7 ind ica te  that both aerdynamic 

performance ( i . e . ,  compressor and turbine e f f i c i enc ie s )  and turbine i n l e t  tempera- 
tu res  increase w i t h  time. The projected improvements i n  turbine i n l e t  temperature 
are due t o  two considerations:  increases i n  mater ia ls  technology, which allow blade 
materials t o  withstand higher operating temperatures, and improvements i n  blade 
cooling techniques. His tor ica l ly ,  turbine i n l e t  temperatures have advanced approxi- 
m t e l y  20 F per year because of materials improvements. 
i n  Fig. 8 along with the improvement made possible  by the use of severa l  cooling 
techniques. 
both improved materials and improved cooling techniques. 

This improvement i s  shmn 

D a t a  points i n  Fig. 8 indica te  ac tua l  or  projected engines u t i l i z ing  

A major improvement i n  gas turbine performance could be rea l ized  i f  the com- 
pressor bleed air normally used t o  cool t he  turbine blades is precooled i n  an 
external  heat  exchanger t o  tempentures  of about 125 F before being u t i l i z e d  i n  
the  turbine for .cool ing purposes. %e performance improvements that would r e s u l t  
from t h e  use of precooled compressor bleed air are: (1) f o r  the same amount of 
bleed air  extract ion,  a higher turbine inlet temperature could be real ized,  or  (2) 
a smaller extract ion f l m  would be required t o  maintain a given turb ine  i n l e t  
temperature. !the p e r f o r m c e  gains  which might then be rea l ized  by using pre- 
cooled bleed air are shmn i n  Fig.  9, i n  which projected performdnce f o r  th ree  - 

$enerat iom of engines is  shmn.  Another b e n e f i t  which might arise from the  use 
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of precooled compressor bIeed air  is  t h a t  less cos t ly  impingement cooling might be 
used instead of t r ansp i r a t ion  cooling i n  very high-temperature engines. 

!be performance shown i n  Fig. 9 w a s  based on the  use of methane as Puel. lhe 
use of a f u e l  resu l t ing  from gas i f ica t ion  of coal  would ac tua l ly  improve the  per -  
formance over t ha t  of an engine burning methane. 
Fig. 10 far an advanced-design engine. 
the f u e l  gas supplied fram a high-pressure (above 15 a t m )  cua l  g a s i f i c a t i s n  f a c i l i t y  
typ ica l ly  would have a lcn? hea t ing  value (150 t o  200 Btu/ft3) and, thus, d i sp lace  
air which would normally be compressed i n  the compressor sec t ion  of the gas turbine.  
The gas turbine would then operate  a t  higher e f f ic iency  bemuse there would be less 
compression work far the same ne t  pcuer output. Ihe incent ive t o  produce a clean, 
gas i f i ed  f u e l  su i tab le  f o r  gas turbines  i s  quite high s ince  the use of such a f u e l  
Would allm the  operation of gas turbine cen t r a l  s t a t i o n s  which should be l e s s  
cos t ly  than comparable steam stations and should operate at  e f f i c i enc ie s  equal t o  
or b e t t e r  than those envisioned for steam power systems. 

This improvement i s  s h a m  i n  
The improved perfarmaace results because 

c a s  systems 

A second and po ten t i a l ly  more promising system u t i l i z i n g  gas turbines  is the 
combined gas and steam (COGAS) pcwer system. A simplif ied schematic diagram for an 
exhaust-fired type of C a s  system is shown i n  Fig. ll. Fuel from the gas i f i ca t ion  
process would be fed i n t o  the burner of a high-temperature gas turbine.  A f t e r  com- 
bust ion and expansion through t he  gas turbine, the  hot  combustion products would be 
exhausted i n t o  a heat  recovery b o i l e r  t o  r a i s e  steam for expansion through a steam 
turbine.  The appl ica t ion  of 
COGAS pmer  systems t o  large-capacity, base-load e l e c t r i c  power generation (Refs. 
15 and 16) has been limited primarily t o  the US Southwest where la rge  quant i t ies  
of lcu-cost natural gas are avai lable .  Even i n  this area, the small improvements 
i n  perfarrnance arid cos t  offered by present-day COGAS sys t em r e l a t i v e  t o  those of 
the  conventional steam s t a t i o n s  have not been s u f f i c i e n t l y  high t o  induce u t i l i t i e s  
t o  convert from conventional steam t o  COGAS systems. I n  those few l a rge  COGAS 
systems that have been put in  operation, supplementary f i r ing is employed i n  the  
bo i l e r  a d  the  gas turbines  produce less than 20$ of the t o t a l  s t a t i o n  output. 

- 

Supplementary f i r i n g  i n  the bo i l e r  w o u l d  be optional. 

Early results of this inves t iga t ion  indicated t h a t  s t a t i o n  eff ic iency could be 
increased s ign i f i can t ly  if the amount of gas tu rb ine  par t ic ipa t ion  w e r e  increased 
by reducing the  amount of supplementary f i r i n g  i n  the  boi le r .  
i n  COGAS perfommce would b e  possible by increasing the gas turbine i n l e t  tem- 
perature. 
incorporating a low-perfarmaoce steam cycle (thermal ef f ic iency  of 34$) and gas 
tu rb ine  i n l e t  temperatures of 2000, 2400, and 2800 F. Ilbe data i n  Fig. I2 c lear ly  
ind ica t e  that the  bes t  COGAS performance would be obtained if the  steam bo i l e r  were 
of the simple waste-heat recovery type with no supplementary ccmbustim. Detailed 
performance and economic analyses  of various steam cycles  far use i n  COGAS systems 
w e r e  car r ied  out, resulting i n  se lec t ion  of' a 2400 psig/lOOO F / 1 W  F steam cycle 
without  feedwater heating. 
cycle  are sharn i n  Fig. 13 far turbine inlet temperatures of 2000 F, 2400 F, and 
2800 F, and for a range of appl icable  pressure ratios. . These estimates are based on 
t h e  use of both methane and a 162-Btu/ft3 gas suppl ied a t  burner pressure. As with 
t h e  simple gas turbine system, both cycle  e f f ic iency  and paier  output per u n i t  air- 

, 

Further  increases  

lhese t rends are s h a m  i n  Fig. I 2  f o r  methane-fueled COGAS systems 

Perfannance estimates of COGAS systems using this steam 
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f l o w  would be higher f o r  t h e  system burning law-Btu gas. 
e f f i c i enc ie s  of 5 4 ,  i n  systems using current  technology, t o  563& or 57% i n  later 
generations would be s ign i f i can t  improvements over t h e  e f f ic ienc ies  that might be 
real ized by any other system except t he  very exot ic  and very expensive l iquid-metal  
topping cycles.  The CCGAS system, haiever, would use machinery which is  evolutionary 
i n  nature,  i .e . ,  machinery which i s  based upon a c t u a l  power systems now being m u -  
facgured. 

The projected n e t  S ta t ion  

By u t i l i z i n g  advanced cooling techniques such as precooled bleed air, t h e  
mimum turbine i n l e t  temperature for  t h e  three time periods of i n t e r e s t  a r e  pro- 
jected t o  increase t o  2200, 2800, and 3100 F, respect ively,  resu l t ing  i n  e f f i c i enc ie s  
several  points  higher than those depicted i n  Fig.  13. The projected e f f i c i enc ie s  of 
CCMS systems using precooled bleed air  and burning law-Btu gas supplied a t  burner 
pressure and 150 F axe s h m n  i n  Fig.  14 t o  apprcach 5@, a value which is nearly 
5 6  grea te r  than now rea l ized  i n  conventional steam s t a t ions .  
may be improved even more i f  t h e  f u e l  gas were t o  be supplied t o  t h e  system at  a 
temperature higher than 150 F, as shain i n  Fig.  15 f o r  a third-generation or 3100-F 
turbine i n l e t  temperature system. A t  f u e l  gas temperatures of 600 F and above, t h e  
performnce of the system could be boosted t o  values of 6 6  and over, a g a l  which 
should supply a tremendous incentive t o  f u e l  cleanup processes. 

%is performance 

Preliminary estimates f o r  t he  overal l  cost  of e l e c t r i c i t y  generated by a 
conventional steam system, a s t r a i g h t  gas turbine system, and a GOGAS system'are 
shown i n  Fig.  16. The project ions presented i n  Fig. 16 demonstrate that t h e  use 
of advanced technology i n  gas turbines  could r e s u l t  i n  power systems which may 
produce e l e c t r i c i t y  at cos t s  equal t o  o r  even l e s s  than now rea l ized  from conventional 
steam systems, and s t i l l  reduce t h e  mission of s u l f u r  oxides i n t o  the  atmosphere. 
A second benefi t  a r i s i n g  f r o m  these systems is a reduction i n  thermal pol lut ion 
of cooling water. 
thus, t h e r e  i s  no thermal pol lut ion of cooling water. A reduction of thermal 
pol lut ion by about 5 6  (compared t o  conventional steam s t a t i o n s )  i s  possible  with 
COGAS systems because of t h e  increase i n  cycle eff ic iency,  and because of t h e  
higher sensible  heat content of t he  stack gases. 

The s t r a i g h t  gas turbine r e j e c t s  heat d i r e c t l y  t o  t h e  atmosphere; 

CONCLUSIONS 

I n  conclusion, it can be s a i d  that the  use of a i r c r a f t  technology i n  i n d u s t r i a l  
gas turbines  UEIJ result i n  power systems whi'ch could produce e l e c t r i c  p w e r  at 
reasonable cost  using f u e l s  which a r e  appreciably more expensive than those used 
today, but which do not contain su l fu r .  %e premise t h a t  advanced-cycle pmer  
systems could maintain the cost  of producing e l e c t r i c i t y  at  l eve l s  n m  obtained 
with conventional systems has been shwn t o  have grea t  promise i n  fu tu re  power 
systems. Additional benef i t s  w i l l  occur through t h e  use of advance-cycle pmer  
systems i n  areas of thermal pol lut ion and i n  c a p i t a l  costs .  

FUTURE W a R K  

Having determined the most promising generic c l a s s i f i c a t i o n  of power sys tem,  
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t h e r e  remains a good deal of work t o  be 'done. 
would lead t o  actual  engine development can be undertaken, fu r the r  s tudies  must be 
made with t h e  objective of determining t h e  best  cycle configuration and operating 
conditions. Of immediate i n t e r e s t  i s  the  problem of combustion of t h e  low-Btu 
f u e l  gas i n  t h e  v i t i a t e d  conditions occurring i n  a reheat combustor. 
reheat  i n  a COGAS cycle may allow s ign i f i can t  gains i n  performance, but current 
l imi ta t ions  of funding do not  allow a thorough study of this cycle. 
advanced-cycle power systems during t r ans i en t  periods w i l l  a l s o  require more 
de t a i l ed  analyses, p a r t i c u l a r l y  i n  combination with the  f u e l  gas i f ica t ion  systems. , 

Evaluation of the e f f e c t  of these a reas  on system cos t s  must a l s o  be made. 
Comparable work i n  t he  f u e l  clean up processes must also be performed, pa r t i cu la r ly  
i n  the  a rea  of high-temperature, high-pressure desulfur izat ion techniques. 

Before d e t a i l e d  design work which 
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TABLE I 

ADVANCED-CYCLE PCNER SYSTm INVESTIGATED 

External -Combust i on Sy sterns 

Conventional Steam 

Binary Cycle Bottoming 

Binary Cycle Topping 

Closed-Cycle Gas Turbine 

Internal-Combustion Systems 

Open-Cycle Gas Turbine 

Combined Gas and Steam (COGAS) !Turbine 
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FIG. 11 
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FIG. 13 
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FIG. 15 
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THE DETAIL DESIGN OF A 100-KILOWATT 
COAL-BURNING FUEL-CELL POWER PLANT 

D. L. Keairns, D. H. Archer, and L. E l ikan  

Westinghouse Research Laboratories 
P i t t sburgh ,  Pennsylvania 15235 

ABSTRACT 

A 100-kilowatt coal-burning f u e l - c e l l  process d velopment p l a n t  h a ,  
been conceived t o  provide t echn ica l  and economic information f o r  the design of a 
u t i l i t y  coal-burning fue l - ce l l  power p l a n t ,  t o  tes t  f u e l - c e l l  b a t t e r y  performance 
and l i f e  under a c t u a l  opera t ing  condi t ions ,  and t o  provide opera t ing  experience. 
The 100-kilowatt p l an t  d e t a i l  design incorpora tes  an e f f i c i e n t  combination of 
fue l - ce l l  b a t t e r i e s  and f lu id i zed  coa l  bed i n t o  a unique, f l e x i b l e ,  modular, fue l -  
c e l l  r eac to r  un i t .  
generated during fue l - ce l l  opera t ion  t o  the  endothermic g a s i f i c a t i o n  of coal by 
i n s e r t i n g  fue l - ce l l  b a t t e r y  bundles i n t o  f i v e  inch  diameter p ipes  loca t ed  hori-  
zonta l ly  i n  a rec tangular  f lu id i zed  bed of coa l .  The fue l - ce l l  b a t t e r y  bundles 
conta in  up t o  40 fue l - ce l l  b a t t e r i e s ,  112 inch i n  diameter and approximately 30 
inches long. Experimental and t h e o r e t i c a l  s t u d i e s  v e r i f y  unique elements of t h e  % 

design. 

The r eac to r  design achieves e f f i c i e n t  t r a n s f e r  of hea t  

The work recorded i n  t h i s  paper has been c a r r i e d  out under t h e  
sponsorship of t h e  Off ice  of Coal Research, U. S. Department of t h e  I n t e r i o r .  
N. P. Cochran and P. Towson have served as con t r ac t  monitors. The I n s t i t u t e  of 
Gas Technology, D r .  B. S. Lee and Harlan Feldkirchner,  and Cameron Engineers, 
D. Lockwood, were subcontracted t o  prepare  t h e  d e t a i l  design f o r  t h e  p l an t .  
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INTRODUCTION 

Westinghouse, under cont rac t  t o  t h e  Off ice  of Coal Research, i s  
developing so l id -e l ec t ro ly t e  fue l - ce l l s  which have the  capab i l i t y  of producing 
e l e c t r i c a l  energy from c o a l  a t  high e f f i c i ency  i n  l a r g e  s c a l e  power p l an t s .  
type of l a r g e  s c a l e ,  f u e l - c e l l ,  power s y s t e m  envisioned comprises fue l - ce l l  
b a t t e r y  tubes ,  each conta in ing  many ind iv idua l  cells  connected i n  series; a 
process f o r  producing carbon monoxide and hydrogen f u e l  gases from coa l ;  a means 
f o r  cleaning and c i r c u l a t i n g  t h e  f u e l  gases;  and a means f o r  t r a n s f e r r i n g  the 
hea t  produced by the  f u e l  cells t o  t h e  endothermic coa l  g a s i f i c a t i o n  reac t ions  
between carbon and CO2 and H20. The hea t  produced i n  fue l - ce l l  opera t ion  is  from 
r e s i s t i v e  and po la r i za t ion  lo s ses  and the  hea t  re leased  i n  oxidation of the  f u e l  
gases.  The design and opera t ion  of so l id -e l ec t ro ly t e  fue l - ce l l s  f o r  app l i ca t ion  , 

i n  power p lan ts  are r epor t ed  e l sewhere( l ,2 ) .  

The 

A coal-burning s o l i  d-elect  roly t e f ue l - ce l l  power s y  s tem incorporating 
these  components is shown i n  Figure 1. Coal i s  fed t o  a f l u i d i z e d  bed coa l  
r eac to r  along with a p o r t i o n  of the hot C02 and H20 combustion products from the  
fue l - ce l l  b a t t e r i e s .  The c o a l  r eac t s  with those combustion products t o  form CO 
and H 2  f u e l  gases,  which a r e  recycled to  t h e  fue l - ce l l  bat ter ies  a f t e r  removal of 
p a r t i c u l a t e  ma te r i a l  and s u l f u r  compounds. The f u e l  2as from the  gas cleaning 
process i s  s p l i t  i n t o  two streams - one going t o  a bank of fue l - ce l l s  where 
p a r t i a l  oxidation occurs and t h e  o ther  going t o  a bank where e s s e n t i a l l y  complete 
combustion occurs. Gases from the  second c e l l  bank are discharged from the  
system whi le  the p a r t i a l l y  oxidized f u e l  gases are recycled back t o  t h e  coal 
reac tor .  The fue l - ce l l  banks and t h e  coa l  r e a c t o r  are combined i n t o  a s i n g l e  u n i t  
t o  ob ta in  maximum e f f i c i e n c y  from t h e  power p l an t .  The p o t e n t i a l  advantages 
which t h i s  fue l -ce l l  power system o f f e r  a r e :  

- High e f f i c i ency  (ove ra l l  opera t ing  e f f i c i e n c i e s  near 60% are an t i c i -  
pated i n  f u l l  scale power p l a n t s ) ,  

- Minimum a i r  and water po l lu t ion ,  

- Reduced p l a n t  s i z e ,  
I 

- Minimum cool ing  water requirements. 

Westinghouse conceived the  100-kilowatt power p l an t  as a means t o  test 
fue l - ce l l  ba t t e ry  performance and l i f e  under a c t u a l  opera t ing  condi t ions ,  t o  
provide technica l  and economic information f o r - t h e  design of an  economical and 
r e l i a b l e  coal-burning f u e l - c e l l  power p l an t ,  and t o  provide opera t ing  experience. 
The I n s t i t u t e  of Gas Technology reviewed the  concept and Cameron Engineers 
prepared t h e  d e t a i l  design of t h e  100-kilowatt p l an t .  

BASIS - 
The d e s i  n of t h e  100-kilowatt p l an t  i s  based on the  performance of a 

100-watt enera tor  t 5) and r ecen t  da t a  obtained using more economical e l ec t rode  
ma te r i a l s  9 1 ) .  The f u e l - c e l l  banks are designed f o r  fue l - ce l l  b a t t e r y  tubes 1 / 2  
inch i n  diameter and approximately 30 inches long. Approximately 40 fue l - ce l l s  
would be connected i n  series on each b a t t e r y  tube. 
c h a r a c t e r i s t i c s  f o r  the 100-kW plant  a re :  

Projected fue l - ce l l  operating 
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1 )  average po la r i za t ion  vol tage  0.15 v o l t s  

2) 

3) 

average fue l - ce l l  r e s i s t ance  = 0.15 ohms/cell 

cur ren t  dens i ty  - v a r i e s  from 300 m a / c m  
50 ma/cm2 a t  the  end of ce l l  bank 11. 

2 i n  c e l l  bank I t o  

The fue l - ce l l  opera t ing  c h a r a c t e r i s t i c s  w e r e  combined wi th  t h e  
ca lcu la ted  thermodynamic open-circuit  vo l tages  t o  ob ta in  the  fue l - ce l l  performance 
and e f f i c i ency .  
/ c e l l .  

The average power produced per  ce l l  i s  approximately 0.22 w a t t s  

With these  s p e c i f i c a t i o n s ,  c e l l  bank I requi res  approximately 6400 
b a t t e r i e s  and i s  designed t o  opera te  near 80% e f f i c i ency .  
b a t t e r i e s  are requi red  f o r  c e l l  bank I1 opera t ing  near  70% e f f i c i ency .  
i s  designed t o  produce approximately 60-kW of e l e c t r i c a l  power. 

Approximately 7000 
Each bank 

DETAIL DESIGN 

Flow Diagram 

A d e t a i l  design f o r  cons t ruc t ing  a 100-kilowatt coal-burning fue l - ce l l  
process development p l an t  has been completed except f o r  t h e  d e t a i l  design of the  
fue l - ce l l  b a t t e r y  bundle assemblies. 
Figure 2. The ma te r i a l  balance and the  design are based on the  P i t t sbu rgh  No. 8 
char presented i n  Table I. 
r a t e s  are given i n  Table 11. Provis ion  is made t o  record a l l  char weights,  stream 
temperatures,  p re s su res ,  compositions, and flow r a t e s  necessary f o r  material 
ba lances ,  energy balances,  con t ro l ,  and genera l  information on the  performance of 
t h e  p l an t .  

The process flow s h e e t  i s  presented  i n  

Projected opera t ing  temperatures,  p re s su res ,  and flow 

The main r e a c t o r ,  which combines t h e  f u e l - c e l l  b a t t e r i e s  and f lu id i zed  
coa l  bed, i s  the  c r i t i ca l  u n i t  i n  t he  p l an t .  The r e a c t o r  i s  cons t ruc ted  of 
10'1-1/2'' x 5'2" x 15" rec tangular  modules which can be  f ab r i ca t ed  sepa ra t e ly  and 
bo l t ed  together.  Overa l l  dimensions of the r e a c t o r  are shown i n  F igure  3. The 
f lu id i zed  coa l  bed i s  approximately 16 f e e t  deep wi th  a 6 foo t  disengaging sec t ion .  
Each of t h e  1 2  fue l - ce l l  containing modules comprising t h e  bed conta ins  40 pipes 
which are cant i levered  i n t o  t h e  r eac to r  as shown i n  F igure  4. 
pipes house the  f u e l - c e l l  b a t t e r y  bundle assemblies. The f l u i d i z e d  c o a l  bed f o r  
producing f u e l  gas f o r  t he  cel ls  surrounds t h e  ho r i zon ta l  pipes.  
f a c i l i t a t e s  e f f i c i e n t  hea t  t r a n s f e r  from t h e  f u e l - c e l l  b a t t e r i e s  which opera te  
around 1870°F t o  t h e  f l u i d i z e d  coa l  bed which opera tes  around 1750°F. 
levered p ipes  and long crossover p ipes  minimize stresses and provide  f o r  rhermal 
expans ion. 

The ho r i zon ta l  

The arrangement 

The cant i -  

A r ep resen ta t ion  of a fue l - ce l l  bundle assembly i n  one of t h e  ho r i zon ta l  
p ipes  i s  i l l u s t r a t e d  i n  F igures  5 and 6. Fuel gas ,  r i c h  i n  hydrogen and carbon 
monoxide produced i n  t h e  f l u i d i z e d  coa l  bed surrounding t h e  p ipes ,  i s  fed  t o  the  
i n s i d e  of each f u e l - c e l l  ba t t e ry .  Air i s  supplied t o  the  ou t s ide  e l ec t rodes  of 
t h e  fue l - ce l l  b a t t e r i e s .  
a module and allowing the  a i r  t o  pass t o  o the r  p ipes  i n  t h e  module through 1-112 
inch crossover pipes which connect t h e  5 inch  pipes.  This i s  i l l u s t r a t e d  i n  
Figure 4. 
through a hea t  exchanger t o  prehea t  t h e  inlet a i r  as shown i n  t h e  flow diagram. 

This i s  accomplished by feeding a i r  t o  t h e  end pipes i n  

The spent  a i r  i s  exhausted from t h e  o the r  end of t h e  module and passed 
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I 

\ 

i 

Composition, 
wt x 

C 70.50 

H 3.55 

0 10.54 

N 1.29 1 

S 3.46 

Ash 10.66 \ 

Stream 

Char Feed 

Y 

Spent Char 

TABLE I 

CHAR FEED AND RESIDUE 

Flow Rate, 
lb/hr, 

69.16 

12.04 C 34.88 

0 7.57 

N 0.57 

S 1.88 

Ash 55.10 

100.00 
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1 

TABLE I1 
PROJECTED PLANT OPERATING CONDITIONS 

Flow Rate 

Stream Ib moles Composition 
Number* Descr ipt ion T,DF p , p s i g  l b l h r  h r  . Mole X 

1-1 Gasi f ie r  Ef f luent  1750 4.0 352.41 14.85 

1-2 Gas i f ie r  Ef f luent  1750 3.0 352.41 14.85 
Recycle CO 68.20 

, 1-3 Gas i f ie r  Recycle Eff luent  923 3.0 352.41 14.85 1;: 
Recycle 

1-4 Gas i f ie r  Ef f luent  800 3.0 352.41 14.85 0.60 

1- 5 Gas i f ie r  Ef f luent  800 3.0 352.41 14.85 

1- 6 Gas i f ie r  Ef f luent  800 3.0 352.41 14.85 

Recycle 100.00 

Recycle 

Recycle 

1- 7 Gas i f ie r  Ef f luent  800 1 .8  351.33 14.85 

1-8 Fuel Gas 800 1 .8  351.33 14.85 
1-9 Fuel Gas 250 0.5 351.33 14.85 
1-9A Fuel Gas 250 25 
1- 10 Fuel G a s  400 20 351.33 14.85 0.60 
1-11 Fuel Gas 250 20 351.33 14.85 100.00 
1- 12 Fuel Gas 2 50 20 236.54 10.00 
1-13 Fuel Gas 2 50 20 114.79 4.85 

Re cycle  

-- -- 

\ 

2-1 Fuel C e l l  Bank I 600 8.5 296.62 10.00 
Eff luent  Recycle CO 41.30 

2-2 Fuel Cell Bank I 1650 8.5 296.62 10.00 CQ2 34.40 
Eff luent  Recycle 

\ 

100.00 

* 
Refer t o  Figure 2 
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TABLE 11 (Cpntinued) 
PROJECTED PLANT OPERATING CONDITIONS 

3-1 A i r  
3-2 Air 
3-lA Air 
3-3 Air 
3-4 Air 
3-5 Air 
3-6 Air 
3-7 Air 

Ambient 0 
70 20 

Ambient 20 
70 20 
70 20 
70 20 

1455 13 
1455 13 

1240 42.6 
1240 42.6 

533.42 18.35 
291.74 10.11 
323.57 11.22 
291.74 10.11 
323.57 11.22 

-- -- 

r > 
102 21.00 ] 
i N2 79.00 - 

100.00 
I , 

1 
\ 

4-1 Spent Air From Bank I1 1870 7.5 256.96 9.13 102 3.00 
4-2 Spent Air From Bank I1 200 2.0 256.96 9.13 (N2 97.00 i 

I 

L 
I 100.00 i 

5-1 Spent Air From Bank I 1870 7.5 231.68 8.24 ‘02 3.00 I 
5-2 Spent Air From Bank I 200 2.0 231.68 8.24 (Nq 97.00 > 

I 100.00 j 
L 2 

6-1 B a n k  I1 Spent Fuel 600 8.5 181.38 4.85 I C 0  1.70 ; 
74.00 

!E20 23.20 
4.85 i -2  0.50 1 6-2 B a n k  I1 Spent Fuel 250 2.0 181.38 

; N2 0.60 
100.00 

J L 

7-1 Startup Gas 

( 
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3 Two 21.5 f t  char feed hoppers are used t o  feed t h e  c o a l  t o  t h e  system. 

The f i rs t  hopper is a s to rage  u n i t  f o r  introducing char i n t o  t h e  system. The I second hopper i s  t h e  feed hopper. 

Char, s i z e d  t o  minus 30 mesh, i s  screw fed  t o  the  cen te r  module. This 
module contains ho r i zon ta l  pipes i n  order  t o  maintain uniform f l u i d i z a t i o n  
throughout t h e  bed and t h e  p ipes  are a l s o  designed t o  serve as a u x i l i a r y  gas 
d i s t r i b u t o r s  f o r  s ta r t -up .  The f u e l  gas  produced i n  the  f l u i d i z e d  bed r eac to r  
passes through an e l e c t r i c a l l y  t raced  l i n e  t o  a cyclone. Dust i s  c o l l e c t e d  f o r  
ana lys i s  and i s  not  re turned  t o  t h e  bed. The gas then  passes through a recyc le  
hea t  exchanger where hea t  is supplied t o  t h e  spent  f u e l  from c e l l  bank I before 
i t  re turns  t o  t h e  reac tor .  The f u e l  gas  is cooled t o  approximately 800°F i n  a 
guard cooler before f i n a l  p a r t i c u l a t e  removal i n  an e l e c t r o s t a t i c  p r e c i p i t a t o r .  
Su l fu r  is removed t o  a con t ro l l ed  l e v e l  by a z inc  oxide absorber.  
a r e  provided t o  permit z i n c  oxide replacement during extended runs.  
are 2 f t  diameter and 6 f t  high and are designed t o  opera te  f o r  approximately 3 
days with a s u l f u r  concent ra t ion  of 8-10 grains/100 SCF. 
concentration i n  t h e  gas leav ing  the  absorbers i s  monitored and the hydrogen 
s u l f i d e  concentration cont ro l led .  This capab i l i t y  i s  provided since trace amounts 
of hydrogen s u l f i d e  may be  requi red  t o  i n h i b i t  carbon depos i t ion  as t h e  gas i s  
reheated through t h e  c r i t i c a l  depos i t ion  range. A 2 f t  diameter by 6 f t  high water 
gas s h i f t  r eac to r  i s  provided t o  increase  t h e  hydrogen content of t h e  gas. Con- 
vers ion  of H20 i n  t he  f u e l  gas t o  H2 is  des i r ab le  s ince  H2 minimizes t h e  polar i -  , 
za t ion  voltage lo s ses  i n  t h e  fue l -ce l l s .  
20 hp compressor before  being s p l i t  i n t o  sepa ra t e  streams and f e d  t o  t h e  two 
f ue l -ce l l  banks. 

Two absorbers 
The u n i t s  

The hydrogen s u l f i d e  

The f u e l  gas i s  compressed through a 

T h e  f u e l  gas is s p l i t  i n t o  two unequal por t ions .  Approximately one-third 
of t he  gas goes t o  c e l l  bank I1 and two-thirds t o  cel l  bank I. 
cel l  bank I1 i s  approximately 97% oxidized and the  r e s u l t i n g  COZ-HzO gas i s  
exhausted from t h e  system. 
( see  Table 11) and is recycled t o  the f lu id i zed  coa l  bed. 
I, t h e  gas i s  preheated through t h e  recyc le  hea t  exchanger and then  introduced 
i n t o  the  r eac to r  through t h e  gas d i s t r i b u t i o n  module. The gas d i s t r i b u t i o n  
module, shown i n  Figure 7 ,  cons i s t s  of a s i n g l e  row of t e n  5 i nch  diameter pipes 
which extend across  t h e  r e a c t o r  with 0.0576 inch ho le s  i n  two p a r a l l e l  rows along 
t h e  bottom of each pipe. - 
discharge screw below t h e  gas d i s t r i b u t o r .  

The f u e l  gas to  

The f u e l  gas  t o  cel l  bank I I s  only p a r t i a l l y  oxidized 
Upon leaving  cel l  bank 

’ 

Spent char i s  removed from the  r eac to r  by a res idue  

In order t o  achieve e a r l y  opera t ion  and t o  f a c i l i t a t e  ga in ing  operating 

When 
experience, t he  system is designed t o  operate without f u e l - c e l l  b a t t e r i e s  by 
i n s t a l l i n g  electric hea te r s  i n  t h e  hor izonta l  pipes i n  p lace  of fue l - ce l l s .  
operating with electric heaters t h e  gas normally sent t o  c e l l  bank I1 is vented. 
The composition of t he  remaining gas can be ad jus ted  by s imula t ing  the  oxida t ion  
process wi th  an oxid izer  o r  by using make-up gas. Thus, the gas can be re turned  
t o  t h e  f lu id i zed  bed coa l  r eac to r  simulating opera t ion  wi th  fue l - ce l l  b a t t e r i e s .  
This procedure enables the system to  b e  checked out before  i n s t a l l i n g  the va luable  
fue l - ce l l  b a t t e r i e s .  

I 

Cost E s t i m a t e  

The cos t  estimate f o r  t he  cons t ruc t ion  of t h e  100-kilowatt p rocess  
development p l a n t ,  excluding f u e l - c e l l  b a t t e r i e s  and the  bundle assemblies,  I s  
$2.0 mil l ion .  A summary of t he  cos t  breakdown is presented  i n  Table II,I. 
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TABLE 111 

COST ESTIMATE SUMMARY 

Equipment, 

Purchased Equipment 

Fabricated Equipment 

Instruments and Cont ro l  

Panel 

E lec t r i ca l  

S t ruc tu ra l  and Concrete 

Valves 

Pipe and Tubing 

Insu la t ion  and Refrac tory  

Sub-To t a l  

I n d i r e c t  Costs (37.6% of 

equipment, materials and 

labor)  

Sub-To t a l  

Contingency (15%) 

Tota l  Estimated P lan t  Cost 

Mater ia l s ,  
and Labor 

$131,000 

179,000 

297,100 

152,800 

207,800 

93,900 

156,300 

26,300 

Tota l  

$1,244,200 

467,800 

1,712,000 

257,800 

$1,969,800 
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! Design Features 
I 

DISCUSSION 

The 100-kilowatt process development p l an t  i s  designed t o  test and 
1 prove out fue l -ce l l  b a t t e r i e s  and t o  provide t echn ica l  and economic information 

f o r  scale-up. The process development p l a n t  design cannot b e  d i r e c t l y  sca led  t o  
an economic commercial design. Much longer fuel-cell batteries are requi red  f o r  
a power generator se rv ing  as a c e n t r a l  s t a t i o n  p l an t  -- t he  30 inch b a t t e r y  length 

which can be d i r e c t l y  immersed i n  t h e  f l u i d i z e d  c o a l  bed are a l s o  requi red  -- t he  
cos t s  of separate fue l - ce l l  p ro t ec t ion  tubes  and manifolding appear p r o h i b i t i v e  
f o r  a c e n t r a l  s t a t i o n  p l an t .  However, answers required f o r  t h e  development of an 
economical and r e l i a b l e  coal-burning fue l - ce l l  power system can b e  provided by the  
process development p l an t .  The p l a n t  can be  used t o  study: 

I 

I 

I curren t ly  l i m i t s  t h e  r e a c t o r  s i z e  and shape severe ly .  Batteries on support  tubes .: 

\ 

I 

, 

fue l - ce l l  b a t t e r y  performance and l i f e  a t  a c t u a l  opera t ing  
conditions;  

procedures f o r  opera t ing  l a r g e  numbers of f u e l - c e l l  b a t t e r i e s ;  
e .g . ,  methods t o  vary power loads ,  methods of cu r ren t  c o l l e c t i o n ,  
requirements f o r  abnormal opera t ing  condi t ions  such as ce l l  
f a i l u r e  o r  s h o r t  c i r c u i t s ,  e tc . ;  

to le rance  levels f o r  dus t  and hydrogen s u l f i d e  f o r  t h e  fue l - ce l l  
b a t t e r i e s  ; 

r eac t ion  rates of d i f f e r e n t  chars and coa ls  a t  var ious  opera t ing  
conditions ; 

hea t  t r a n s f e r  between the  fue l - ce l l  b a t t e r i e s  and t h e  f l u i d  bed; 

conditions of f l u i d i z a t i o n ;  

materials of cons t ruc t ion ;  

s t a r t -up ,  shut-down, and emergency procedures; 

maintenance and replacement problems; and 

s a f e t y  requirements. 

I n  order  t o  car ry  out t hese  s t u d i e s ,  t h r e e  phases of p l an t  opera t ion  
are proposed: 

1 )  opera t ion  of t h e  coa l  r e a c t o r  system using electric h e a t e r s  i n  
p lace  of f uel-cells. 

2) study of test fue l - ce l l  bundles t o  eva lua te  mechanical and 
e lectr ical  o p e r a b i l i t y  under opera t ing  condi t ions  and the t e s t i n g  
of t h e  f u e l  and air  p ip ing  systems, 

operation of the system as a whole t o  produce 100-kW. 3) 

The f i r s t  two s t e p s  are recommended i n  order  t o  check out  and cha rac t e r i ze  t h e  
system before i n s e r t i n g  the  va luable  f u e l - c e l l b a t t e r i e s .  
p ro jec ted  experimental program i s  presented  i n  t h e  Appendix. 

A summary of t h e  
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The 100-kilowatt process  development p l a n t  design incorporates  an 
e f f i c i e n t  combination of fue l - ce l l  b a t t e r i e s  and f lu id i zed  coa l  bed i n t o  a unique, 
f l e x i b l e  fue l - ce l l  r e a c t o r  unit .  
a c t i v e  ba t t e ry  length; however, the modular design permits  modules t o  be con- 
structed vhich would accept  h o r i z o n t a l  fuel-cell batteries up t o  3-1/2 feet long. 
The r eac to r  could a l s o  b e  modified t o  accept  b a t t e r i e s  i n  the  v e r t i c a l  pos i t ion  
g rea t e r  than 10 f e e t  Ion  . The r eac to r  volume is  based on conservat ive est imates  
of t he  gas i f i ca t ion  r a t ea3~4 .6 ) .  This vi11 permit a wide range of coa ls ,  cokes, 
o r  chars  t o  be s tudied.  The reac to r  can also b e  used t o  study simultaneous 
f lu id i zed  bed coa l  g a s i f i c a t i o n  and desu l fu r i za t ion  with limestone sorbents ,  
vhich may b e  attractive f o r  commercial appl ica t ion .  
reaches 0.5 vatts/cell, it w i l l  be poss ib l e  t o  produce more than 300 k i l o u a t t s  i n  
the  present  system. The f l e x i b i l i t y  of t h i s  r eac to r  design far outweighs any 
considerat ions f o r  going t o  a compact design a t  t h i s  s t a g e  of t he  development. 
The system does not  g ive  high o v e r a l l  system e f f i c i ency ,  s ince  i t  is not  p r a c t i c a l  
t o  e l imina te  all t h e  heat l o s s e s  on the  100-kilowatt development unit .  
t he  design does provide the information f o r  pro jec t ing  t h e  e f f i c i ency  of large- 
scale p lan t s .  

The reac to r  is designed t o  accept  20 inches of 

when fue l - ce l l  performance 

Eovever, 

The aux i l i a ry  equipment has  been designed using present  day technology. 
T h i s  w i l l  minimize s t a r t -up  and operat ing d i f f i c u l t i e s  and w i l l  a l l o w  t h e  
eva lua t ion  of problems a s s o c i a t e d  wi th  the  development of a commercial pouer 
system. 

Evaluation of Critical D e s i g n  Features  

The reac tor ,  vhich combines the  fue l - ce l l  b a t t e r i e s  and f lu id i zed  coal  
bed, is t he  critical unit i n  the p lan t .  
design,  Westinghouse conducted experimental  and t h e o r e t i c a l  s t u d i e s  and had IGT 
and Cameron Engineers m a k e  a thorough eva lua t ion  of t he  s t r u c t u r a l  design. 
of t hese  eva lua t ions  i n d i c a t e  t h e  r eac to r  design is s t r u c t u r a l l y  sound and operable. 

model of t h e  reactor(7s8). 
inch diameter tube wi th  i n t e r n a l  hea t  generat ion in a 3-9/16 inch diameter 
f lu id i zed  bed of char  maintained at 1600°F(9). 
combined with the  pro jec ted  fuel-cell performance t o  evaluate the  fue l - ce l l  
r eac to r  system(lO). The analysis i n d i c a t e s  the  maximum temperature gradien t  
between the  f lu id i zed  bed and t h e  fue l - ce l l  bundles v i l l b e  less than 150°F and 
the  maximum temperature g rad ien t  wi th in  t h e  bundles w i l l  be less than 100°F. 
models p red ic t  the  temperature  grad ien t  wi l l  be approximately 100°F and SOOF, 
respec t ive ly  with uniform h e a t  t r a n s f e r  from the  fue l - ce l l  bundle assemblies t o  
the  f lu id i zed  bed. 
1700°F o r  higher  where t h e  r e a c t i o n  k i n e t i c s  are favorable  without exceeding the  
upper temperature l i m i t  of the f u e l - c e l l b a t t e r i e s .  

In order  to v e r i f y  the  ope rab i l i t y  of t h e  

Results 

F lu id i za t ion  and h e a t  t r a n s f e r  experiments vere made 011 a Plexig las  
Temperature p r o f i l e s  w e r e  a l s o  recorded around a 1 

The r e s u l t s  of these  s tud ie s  w e r e  

The 

These results i n d i c a t e  the  f lu id i zed  bed w i l l  opera te  a t  

The ho r i zon ta l  p ipes  i n  t h e  r e a c t o r  are subjected t o  a reducing gas 
containing hydrogen s u l f i d e  near 1800°F. 
a b i l i t y  t o  evaluate  d i f f e r e n t  coals and chars ,  s e v e r a l  materials vere considered 
and t e s t ed  f o r  the  h o r i z o n t a l  pipes .  
t h a t  Incoloy 800 can be  used v i t h  de-sulfur ized chars  (< 0.7% s u l f u r  i n  coa l  o r  
char) .  
i n  coa ls  o r  chars n e a r  3% can be used based on a 10,000 hour r eac to r  life. 
has g rea t e r  s t r eng th  and a s m a l l e r  thermal expansion than  Incoloy 800 and can be 
s u b s t i t u t e d  i n  the  design without  any modif icat ions.  

I n  order  t o  assure  r eac to r  l i f e  and the  

The r e s u l t s  of corrosion tests ind ica t e  

Corrosion tests wi th  L-605, a cobal t  base a l loy ,  i nd ica t e  s u l f u r  contents 
L-605 
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Many aspec ts  of t h e  r eac to r  design cannot be completely eva lua ted  un t i l  
the u n i t  is b u i l t ;  s u c h  as gas d i s t r i b u t i o n ,  r e l i a b i l i t y  of welds and t h e  a i r  
piping design, f l u i d i z i n g  condi t ions ,  &tc. 
evaluated on bench s c a l e  apparatus o r  analyzed t o  check t h e  design. 

A l l  of these  a spec t s  have been 

CONCLUSIONS 

A 100-kilowatt coal-burning fue l - ce l l  process development p l a n t  has been 
The p l a n t  w i l l  tes t  fue l - ce l l  b a t t e r y  performance and l i f e  under a c t u a l  designed. 

operating condi t ions ;  w i l l  provide t echn ica l  information on g a s i f i c a t i o n ,  hea t  
t r a n s f e r ,  c o a l  handling, materials, and con t ro l ;  and w i l l  provide opera t ing  
experience. 
b a t t e r i e s  and the  f l u i d i z e d  c o a l  bed i n t o  a unique, f l e x i b l e ,  modular fue l - ce l l  
r eac to r  un i t .  
hor izonta l ly  i n t o  a rec tangular  f lu id i zed  bed of coal.  
t i c a l  eva lua t ions  of t he  fue l - ce l l  r eac to r  u n i t  i n d i c a t e  t h e  des ign  is s t r u c t u r a l l y  
sound and operable. 
development p l an t  is $2.0 mi l l ion .  

The design provides an e f f i c i e n t  combination of t h e  f u e l - c e l l  

This is achieved by i n s e r t i n g  fue l - ce l l  b a t t e r y  bundle  assemblies 
Experimental and theore- 

The estimated cos t  f o r  cons t ruc t ing  the 100-kilowatt process 

The d e t a i l  design of t h e  process development is complete. The dec is ion  
on whether t o  bu i ld  the  p l a n t  has  been defer red  whi le  a d d i t i o n a l  development is 
being ca r r i ed  out on the  b a t t e r i e s .  
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APPENDIX 

PROJECTED EXPERIMENTAL PROGN FOR 
100-KILOWATT PROCESS DEVELOPMENT PLANT 

I. OPERATION WITHOUT FUEL-CELL BATTERIES 

A. F lu id i za t ion  
1. Cold Studies 

F lu id ize  t h e  bed with an i n e r t  t o  eva lua te  m i n i m u m  f l u i d i z i n g  
ve loc i ty ,  AP, uniformity of f l u i d i z a t i o n ,  cyclone opera t ion ,  dus t  
sampling systems, e f f e c t  of p a r t i c l e  s i z e  d i s t r i b u t i o n ,  operation 
of gas d i s t r i b u t o r ,  coa l  feed system, ash removal system, com- 
pres so r s ,  l e v e l  con t ro l ,  and a u x i l i a r y  equipment. 

2. Hot S tudies  
F lu id ize  coa l  bed with inert  gas and supply hea t  with electrical 
hea ters .  
study. 

Evaluate operation of equipment as suggested during cold 

B. Start-up and Shut-Down Procedures 
1. 

2. 

Check s t a r t -up  procedure without fue l - ce l l s  p re sen t  - combustion of 
char ,  hea t ing  rates, opera t ion  techniques. 
Check emergency and shut-down procedures. 

C. Heat Transfer  
1. Study wi th  I n e r t  Gas 

Study e f f e c t  of temperature, flow rates, p a r t i c l e  s i z e  on hea t  
t r a n s f e r  from t h e  fue l - ce l l  pipes.  Determine t h e  e f f e c t s  of fue l -  
c e l l  p ipes  not producing hea t .  

In add i t ion  t o  t h e  parameters i nves t iga t ed  with t h e  i n e r t  gas,  
determine t h e  e f f e c t  of var ious  coals.  

2. Study wi th  Fuel G a s  

D. Reaction Rate 
1. Study t h e  e f f e c t  of temperature,  gas  flow rate ,  oxygen content of 

t h e  i n l e t  gas,  H/C r a t i o  i n  t h e  gas and s o l i d  feed  streams, char. 
residence t i m e ,  p a r t i c l e  s i z e ,  and char composition on rates of 
gas i f i ca t ion .  
Study segrega t ion  of a sh  i n  t h e  bed, and t h e  e f f e c t s  of var ious  ash 
conten ts  and compositions on bed performance. 

2. 

E. Su l fu r  Removal 
1. Study removal of s u l f u r  i n  t h e  f lu id i zed  bed. 

11. OPERATION WITH TEST FUEL-CELL BATTERY BUNDLES 

Note: The following eva lua t ions  w i l l  be  conducted on dummy fue l - ce l l  
bundles ( i . e . ,  a bundle of ceramic support  tubes) be fo re  opera t ing  
with production fue l - ce l l  bundles. 

1. Check manifolding, ins t rumenta t ion ,  and con t ro l  of t h e  gas flow 
t o  the  b a t t e r i e s .  

2. Determine,the e f f e c t  of v ib ra t ions  on t h e  b a t t e r i e s ,  i n l e t  gas 
temperatures and flow rates on ce l l  performance, p re s su re  drop 
across  t h e  b a t t e r i e s ,  var ious  f u e l  gas compositions from t h e  r eac to r  
on cell  performance. 
"Short" l i f e  tests of b a t t e r y  bundles. 3. 

111. 100-KILOWATT OPERATION 
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FIGURE 1 - COAL BURNING SOLID-ELECTROLYTE 
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FIGURE 3 - 100-KILOWATT COAL-BURNING FUEL-CELL REACTOR 
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FIGURE 6 - END VIEW OF FUEL CELL TUBE BUNDLE ASSEMBLY 
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